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ABSTRACT

PROTEIN PHOSPHATASE 2A FUNCTION IN RESPONSE TO
SALT STRESS IN ARABIDOPSIS THALIANA:
DEFINING PATHWAYS AND GENETIC INTERACTION NETWORKS
by
Megan M. Thompson
University of New Hampshire, May, 2017

Protein phosphatase 2A (PP2A) is a key regulator of many biological pathways. The
PP2A heterotrimer is composed of a scaffolding/regulatory A subunit, regulatory B subunit, and
catalytic C subunit. In Arabidopsis thaliana, the A, B and C subunits are encoded by 3, 17, and
5 genes, respectively. Despite the ubiquitous expression and high sequence conservation of
the A and C subunits, plants with mutations in specific subunits display phenotypes. A subset of
the A and C subunit mutants exhibited root skewing or curling phenotypes when grown on
vertically-oriented plates supplemented NaCl. I characterized the root response of a1rcn1 and c4
mutants and found that the root phenotype was sodium specific and influenced by NaCl
concentration, photoperiod, and temperature. In response to NaCl, roots of PP2A mutants
showed an obvious skewing response within 24 hours, likely due to the right-handed rotation of
root cell files. A physical interaction was detected between the A1RCN1 and C4 subunits in root
tips by co-immunoprecipitation. Taken together, these results indicate that PP2A is involved in
the response of Arabidopsis seedlings to sodium stress.
Underlying mechanisms involved in the root response to sodium stress was examined
using a multistep mutant screen. A mutant collection was screened representing 21,520 T-DNA
insertions. Out of the 138,000 seedlings visually examined for root skewing, fifteen putative
mutants were classified as sodium-induced root skewers. In addition, eight mutants were

xix

described with other aberrant root phenotypes. Thermal Asymmetric Interlaced PCR was used
to determine the insertion site of the T‑DNA mutagen and the mode of inheritance was
determined.
I used a genetic approach to further analyze the functional interaction of PP2A subunits.
Single and double mutants were created and confirmed by PCR genotyping. To improve PCR
genotyping efficiency and our ability to store DNA long-term, I optimized a method to capture
DNA on a cellulose matrix as a substitute for commercially available FTA® Cards and FTA®
Purification Reagent. Single and double mutants were assayed to quantitate three phenotypes
(root angle, root length, and hypocotyl length) and different growth conditions. The quantitative
data from wildtype, single mutants, and corresponding combinatorial mutants were used to
describe 109 genetic interaction inequalities and modes. Each phenotype and growth condition
genetic interaction network was unique and both redundant and distinct functions for the A and
C subunits were revealed. For the root angle phenotype, the a1rcn1 and c4 subunits functionally
interact in the same network to regulate the response of seedling roots to NaCl stress. Overall,
these results describe novel root and shoot functions for the A and C subunits of PP2A.
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CHAPTER I – PROTEIN PHOSPHATASE 2A REGULATES ARABIDOPSIS THALIANA
ROOT GROWTH IN A SODIUM-DEPENDENT MANNER

I.A. SUMMARY
Protein Phosphatase 2A (PP2A) is an important component of the cellular response to a
wide array of environmental stimuli. The canonical PP2A is a heterotrimer composed of a
scaffolding/regulatory A subunit, a regulatory B subunit, and a catalytic C subunit. In
Arabidopsis thaliana, 3 genes encode A subunits, 17 genes encode B subunits, and 5 genes
encode C subunits. The A and C subunits are ubiquitously expressed at all developmental
stages; however, plants with mutations in a subset of A or C subunit genes had distinct root
skewing or curling phenotypes when grown on vertically-oriented plates containing elevated
levels of NaCl. This root phenotype was specific for sodium salts, was influenced by NaCl
concentration, and was phenocopied by a phosphatase inhibitor. In addition, the strength of the
phenotype was affected by both temperature and photoperiod. The root skewing or curling
response of A and C subunit mutants was apparent within one day after exposure to NaCl
stress and was correlated with right-handed cell file rotation. These PP2A mutants remained
responsive to gravistimulation. Co-immunoprecipitation experiments indicated that two
subunits, A1RCN1 and C4, physically interacted in root tips. Our data show that PP2A is involved
in regulating the direction of root growth in response to sodium stress.
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I.B. INTRODUCTION
Reversible protein phosphorylation, catalyzed by the opposing functions of protein
kinases and protein phosphatases, regulates a large number of biological processes. Protein
phosphatase 2A (PP2A) is a serine/threonine protein phosphatase that, together with Protein
Phosphatase 1, accounts for most of the dephosphorylation activity in plant cells (MacKintosh
and Cohen, 1989). The canonical PP2A is a heterotrimer composed of A, B and C subunits
(Janssens et al., 2008). The Arabidopsis A subunits are 85-93% identical and composed
entirely of 15 HEAT (Huntingtin, elongation factor 3, A subunit of protein phosphatase 2A, and
PI3 kinase target of rapamycin 1) repeats, allowing them to function as binding surfaces for the
B and C subunits. All three A subunit genes (A1RCN1, A2, and A3) are expressed throughout the
Arabidopsis life cycle in roots, leaves, stems and flowers (Zhou et al., 2004). The seventeen B
subunits are subdivided into three classes (B/B55, B´, and B´´) based on amino acid sequence
homology and the B subunit genes have highly variable expression patterns (Lillo et al., 2014).
The B subunits function in subcellular targeting of the holoenzyme and in substrate recognition.
The five catalytic C subunits are divided into two groups (Class I and Class II) based on amino
acid sequence (DeLong, 2006). Based on the number of A, B, and C subunits, Arabidopsis can
theoretically form more than 200 PP2A heterotrimeric complexes, each with its own potential
suite of regulatory functions.
Analysis of the phenotypes of PP2A subunit mutants has been a fruitful approach to
understand the function(s) of individual subunits. The first A1 subunit mutant a1rcn1 was isolated
in a screen for seedlings with roots that curled in response to N-1-naphthylphthalamic acid
(NPA), an auxin transport inhibitor (Garbers et al., 1996). Subsequently, the regulation of auxin
transport by A1RCN1 has been well established (Rashotte et al., 2001; Michniewicz et al., 2007).
The A1 RCN1 subunit is also implicated in ABA signaling (Kwak et al., 2002; Waadt et al., 2015),
ethylene biosynthesis and responses (Larsen and Cancel, 2003; Muday et al., 2006; Skottke et
al., 2011), and lipid signaling (Testerink et al., 2004; Gao et al., 2013). No phenotypes have
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been reported for plants with mutations in the A2 or A3 subunit genes (Zhou et al., 2004), but in
combination with a1rcn1, distinct phenotypes are observed, indicating that the A2 and A3
subunits have unique functionalities that are only apparent in the a1rcn1 background (Zhou et al.,
2004; Michniewicz et al., 2007; Spinner et al., 2013). The B subunits regulate diverse functions
such as biotic defense response, nitrate reductase activity, brassinosteroid signaling, fatty acid
β-oxidation, and preprophase band formation (reviewed in Lillo et al., 2014). Few phenotypes
have been reported for C subunit mutants. C2 is involved in ABA responses (Pernas et al.,
2007). C5 regulates brassinosteroid signaling and response to NaCl stress (Tang et al., 2011),
while c3 x c4 double mutants affect auxin distribution (Ballesteros et al., 2013), similar to the
phenotype of the a1rcn1 mutant. There are other cases in which similar phenotypes are
observed for PP2A mutants. For example, a1rcn1, c3, c4, and c5 mutants showed reduced
sensitivity to ABA (Waadt et al., 2015). In addition, in response to the flagellin peptide (flg22),
a1rcn1, c2, c3, c4, b’ζ, and b’η mutants all released a higher oxidative burst in leaves than a
wildtype plant (Segonzac et al., 2014), perhaps indicating that PP2A complexes containing
these subunits attenuate this defense response.
A role for the A1RCN1 and C5 subunit in resistance to ionic stress has been described
previously (Blakeslee et al., 2008; Hu et al., 2017) and many of the downstream effects of salt
stress affect PP2A-regulated processes. Some of the earliest responses to salt stress are
calcium waves that propagate throughout the plant (Choi et al., 2014), followed by the activation
of lipid signaling pathways (Galvan-Ampudia et al., 2013). Salt stress causes depolymerization
of the cytoskeleton (Shoji et al., 2006; Wang et al., 2010; Wang et al., 2011) and changes in
signaling via plant hormones such as auxin and ethylene (Dinneny et al., 2008). Morphological
perturbations that occur during salt stress include increased radial swelling of root cortical cells
and changes in root growth on a vertical agar surface (Dinneny et al., 2008; Sun et al., 2008;
Galvan-Ampudia and Testerink, 2011). Here we investigate the role of specific A or C subunits
of PP2A in the response of roots to salt stress.
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In this study, we documented the expression pattern of all 5 PP2A C subunits throughout
the Arabidopsis lifecycle. We report that a subset of Arabidopsis PP2A A and C subunit
mutants displayed a root skewing or curling response to elevated levels of sodium. This root
response was responsive to the concentration of NaCl, sensitive to temperature and
photoperiod, and could be phenocopied using a phosphatase inhibitor. We demonstrated a
physical interaction between an A subunit and a C subunit that are involved in maintaining
normal root growth under NaCl stress conditions.
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I.C. RESULTS
I.C.1. Expression of PP2A Catalytic Subunits
A detailed, comparative analysis of expression pattern at the cellular level has not been
performed for the five catalytic (C) subunits of protein phosphatase 2A in Arabidopsis thaliana.
Translational fusions using the native promoter were made to the β-glucuronidase (GUS) gene.
Relative expression levels were inferred by varying the assay time. With a few exceptions, all
five C subunits were expressed throughout the plant at all developmental stages with very
similar expression patterns (Fig. 1). Strong expression was observed in primary root tips and
lateral root meristems, while expression in other locations such as leaves, flowers, siliques, and
guard cells usually required a longer assay time to be detectable (Supplemental Fig. S1 and
data not shown). Only the C2 and C3 subunits were detected in the vasculature of petals and
C5 expression was not observed in sepals. No GUS activity was observed when plants were
transformed with a control vector (Supplemental Fig. S2). These detailed expression studies
indicated that all PP2A catalytic subunits are expressed in all organs with only minor
differences.

I.C.2. Identification of PP2A Mutants
Mutants used in this work are in Table 1. The exact location of the T-DNA in the c1-1,
c4-1, and c4-2 alleles was determined by sequencing the left border junction (Supplemental Fig.
S3, A and B). RT-PCR indicated that full-length transcript was not present in homozygous c1-1,
c4-1, and c4-2 plants (Supplemental Fig. S3C). Additional lines used in this study (a1-6rcn1-6,
a2-1, a3-1, c2-1, c3-1 and c5-1) were characterized previously (Table 1).

I.C.3. Response of PP2A Mutants to NaCl
PP2A is a regulator of multiple stress signaling pathways, including the response to
NaCl stress (Pais et al., 2009). A standardized root growth assay was developed to assess the
5

Figure 1. Expression of PP2A C subunits assessed using translational GUS fusions.
A to E, Root tips assayed for 1 h, F to J, Rosettes and young inflorescences of 28 d-old soil
grown plants assayed for 24 h, K to O, Floral apex including open flowers and buds assayed
for 24 h.
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Table 1. PP2A mutants used in this study.

Gene
Designation
A1RCN1
A2
A3
C1
C2
C31
C41

Gene
Identifier
At1g25490
At3g25800
At1g13320
At1g59830
At1g10430
At2g42500
At3g58500

C5

At1g69960

T-DNA Identifier

Allele

SALK_059903
SALK_042724
SALK_014113
SALK_102599
SAIL_182_A02
SALK_035009
GK-800G05
SALK_139822

a1-6rcn1-6
a2-1
a3-1
c1-1
c2-1
c3-1
c4-1
c4-2
c5-1

1

Reference
Blakeslee et al. (2007)
Zhou et al. (2004)
Zhou et al. (2004)
This work
Ballesteros et al. (2013)
Ballesteros et al. (2013)
This work
This work
Tang et al. (2011)

Some publications reverse the gene identifiers for C3 and C4. We used the names originally published by
Casamayor et al. (1994) and the gene designation found in The Arabidopsis Information Resource (TAIR10) and in
GenBank (release 215.0).
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response of PP2A A and C subunit mutant seedlings to NaCl stress (Supplemental Fig. S4).
Assay plates contained either standard growth medium (SM) or SM supplemented with 75 mM
NaCl (SM-NaCl). The shoot phenotypes of all PP2A A and C subunit mutants were
indistinguishable from wildtype on either SM or SM-NaCl indicating that 75 mM NaCl does not
impair growth. On SM, primary roots of most genotypes were generally straight with a slight
rightward slant and some lateral roots were visible (Supplemental Fig. S4A). The exception was
the a1-6rcn1-6 mutant whose primary roots were shorter and less straight than other genotypes.
On SM-NaCl, the number of lateral roots was reduced in all genotypes as reported previously
for wildtype (Zolla et al., 2010). Two of the mutants, a1-6rcn1-6 and c4-1, displayed striking root
skewing or curling phenotypes (Supplemental Fig. S4B) and were chosen for further
investigation along with an additional C4 mutant (c4-2).
We developed a method to quantitate the root phenotypes observed in the standardized
root growth assay (Supplemental Fig. S5, A and B). Seedlings were always viewed through the
agar and roots that grew to the left of the vertical were assigned a negative value. Root
phenotypes were classified as slanting, skewing, or curling. Slanting was defined as a root
angles of less than 30°, a root angles between 30° to 140° was defined as skewing, and curling
was any root with an angle greater than 140°. Arabidopsis thaliana ecotype Columbia-0 roots
have a natural rightward slant when grown on a vertical agar surface (Rutherford and Masson,
1996; Fig. 2, A and B). In the standardized root growth assay, wildtype roots slanted with an
average angle of 10.7°. Likewise, a1-6rcn1-6, c4-1, and c4-2 roots slanted to the right on SM with
average root angles of 9.5°, 7.9°, and 7.3°, respectively. When the standardized root growth
assay was conducted with seedlings transferred to SM-NaCl, their root angles were noticeably
different (Fig. 2A). Wildtype roots slanted leftward (average = -11.5°) and root angles were
significantly different from rightward root angles on SM, indicating that wildtype Arabidopsis
seedlings respond to NaCl. The responses of a1-6rcn1-6, c4-1, and c4-2 mutants to NaCl were
more severe than wildtype (Fig. 2, A and C). In addition, while a large number of a1-6rcn1-6 roots
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Figure 2. Analysis of root angle using the standardized root growth assay on SM or SM
NaCl.
Using the standardized root growth assay, seedlings were transferred to SM or SM
supplemented with 75 mM NaCl (SM-NaCl). Seedlings were grown for 7 additional days at
25°C with 12 h photoperiod A, Representative seedlings photographed through the agar. B
and C, Root angle was measured as described in Supplemental Fig. S5 and box plots were
constructed. Black dots are statistical outliers. Significance was determined by Tukey HSD of
nine trials (total n ≥ 200 for each genotype; p < 0.001). B, Seedlings grown on SM. C,
Seedlings grown on SM-NaCl. a1-6rcn1-6 S = skewing roots, a1-6rcn1-6 C = curling roots.
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skewed (66.8%) while the rest of the a1-6rcn1-6 roots curled. The average angles for a1-6rcn1-6
roots that skewed or curled were -80.0° and -356.6°, respectively, and these two groups were
analyzed separately (Fig. 2C). The majority of c4-1 and c4-2 roots (98.6 to 99.0%) skewed, with
average root angles of -64.8° and -58.2°, respectively, while the remainder curled. Although the
T-DNA insertions were in very different locations in the C4 gene, the root angles of c4-1 and
c4-2 were not statistically different. Both c4 mutants were significantly different compared to
skewing a1-6rcn1-6 roots. Taken together, the overall response of the A subunit mutant to NaCl
was stronger than either of the C subunit mutants.
We next analyzed the root epidermal cell files of c4-1, c4-2 and a1-6rcn1-6 mutants. Many
known root skewing and curling mutants display marked epidermal cell file rotation (CFR)
(Hashimoto, 2002). When viewed through the agar, roots that skew rightward have left-handed
CFR, while roots that skew leftward have right-handed CFR (Simmons et al., 1995; Rutherford
and Masson, 1996). Roots of wildtype, c4-1 and a1-6rcn1-6 roots were observed during the
standardized root growth assay. Roots of seedlings grown on SM exhibited relatively straight
cell files (Fig. 3, A to C). When grown on SM-NaCl, wildtype root cell files remained straight,
while the root epidermal cell files from c4-1 and a1-6rcn1-6 exhibited obvious right-handed CFR
(Fig.3, D to F).
The c4 mutant root skewing phenotype is NaCl specific, thus we asked if C4 gene
expression is altered in roots when grown on NaCl. No difference in expression was detected in
root tips of C4::C4:GUS seedlings grown on either SM (Fig. 1D) or SM-NaCl (data not shown).
To confirm that C4 gene expression was not up-regulated under NaCl stress, C4 transcript was
quantitated in wildtype root tips by qPCR. There was no significant difference in the amount of
transcript detected in seedlings grown on SM compared to SM-NaCl (data not shown).
To confirm that the NaCl dependent root skewing of c4-1 mutants was caused by the
T-DNA insertion in the C4 gene, c4-1 plants were transformed with a construct containing the
wildtype C4 gene expressed from its native promoter. Roots of T2 seedlings carrying the C4
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Figure 3. Epidermal cell files.
Wildtype (A and D), c4-1 (B and E), and a1-6rcn1-6 (C and F) seedlings were grown using the
standardized root growth assay except that seedlings were grown for 4 d after transfer.
Seedlings were transferred to either SM (A to C) or SM-NaCl (D to F). Epidermal cell files
formed during the first 24 h post-transfer are shown.
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transgene no longer skewed in the presence of NaCl and were indistinguishable from
wildtype (Supplemental Fig. S6) indicating that the wildtype C4 gene complemented the NaClinduced root skewing phenotype of a c4 mutant.
Cantharidin at low concentrations inhibits PP2A activity (Deruere et al., 1999). To test
whether inhibition of PP2A activity phenocopies the root growth phenotypes of the A or C
subunit mutants, the standardized root growth assay was used to evaluate wildtype seedlings
grown on SM-NaCl containing cantharidin (Supplemental Fig. S7). In the presence of
cantharidin, roots of wildtype seedlings skewed on NaCl-supplemented medium indicating that
PP2A activity is required for normal root growth on a vertical surface.

I.C.4. Contribution of Salt and Osmoticum to Root Angle of PP2A Mutants
A dose response titration was performed to determine the NaCl concentration that
elicited the greatest root response of wildtype, c4-1, c4-2, and a1-6rcn1-6. The standardized root
growth assay was modified by increasing the amount of NaCl in the media. The greatest root
response was produced on 75 mM NaCl for the three PP2A mutants (Fig. 4A). No increase in
roots with a curling phenotype was observed as NaCl concentration increased above 75 mM.
The highest concentration of NaCl (150 mM) severely inhibited growth of primary roots of all
genotypes (data not shown). a1-6rcn1-6 seedlings were also inhibited at 125 mM NaCl, which is
consistent with previous reports (Blakeslee et al., 2008).
To determine whether roots were responding solely to ionic stress or whether osmotic
stress was also a factor, SM medium was supplemented with the sugar alcohols mannitol or
sorbitol to produce an equivalent osmoticum to NaCl. The addition of the sugar alcohols
changed the normal rightward slant of the roots on SM medium to a leftward slant; however, the
magnitude of the response to these sugar alcohols was significantly less than the response to
NaCl (Fig. 4B; Fig. 5). Thus, the majority of the root response to NaCl was attributable to ionic
stress rather than osmotic stress.
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Figure 4. Root response to NaCl or mannitol.
The standardized root growth assay was conducted on medium supplemented with NaCl or
mannitol. Root angle of 10 d-old seedlings was measured as described in Supplemental Fig.
S5. Wildtype (□), c4-1 (●), c4-2 (○), and a1-6rcn1-6 (■). Significance was determined using a
Dunnett’s test to compare the root angles observed after NaCl or mannitol treatment to the
SM (0 mM) control (3 trials, p < 0.05, total n per genotype = 27 to 54). A, Effect of increasing
NaCl concentration on root angle. Significantly different root angles from SM (0 mM) are
marked in grey. B, Effect of increasing mannitol concentration on root angle. Root angles of
all genotypes were significantly different from non-mannitol supplemented SM (0 mM).
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Figure 5. Root angle response to different osmotica.
Box plots of root angles when the standardized root growth assay was conducted on SM
(black) or SM supplemented with 75 mM NaCl (green), 150 mM mannitol (orange), or 150 mM
sorbitol (cyan); black dots are outliers. Significance was determined by Tukey HSD within
genotype (2 trials; total n per genotype = 31 to 36; p < 0.001). A, wildtype. B, c4-1. C, c4-2. D,
a1-6rcn1-6.
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To dissect the relative contribution of the sodium ion versus the chloride ion, the
standardized root growth assay was performed using SM supplemented with 75 mM NaNO3
(SM-NaNO3) or 75 mM KCl (SM-KCl). All genotypes (wildtype, c4-1, c4-2, and a1-6rcn1-6),
showed a significant root response to SM-NaCl, SM-NaNO3, and SM-KCl compared to SM (Fig.
6), but the response to the sodium salts (NaCl and NaNO3) was significantly greater than the
response to SM-KCl. The response to NaCl was not significantly different from NaNO 3 for any
genotype. The root response to KCl for all genotypes was qualitatively different than the
response to sodium salts; on SM-KCl, roots often displayed large irregular undulations
(Supplemental Fig. S8). Our results indicate that sodium, not chloride, is primarily responsible
for the root slanting, skewing, or curling response of Arabidopsis seedlings in the standardized
root growth assay.

I.C.5. Contribution of Salt to Root Length and Width of PP2A Mutants
We investigated whether root length was affected in PP2A mutants. On SM, the root
length of the wildtype was shorter than both c4 mutants (Fig. 7). a1-6rcn1-6 had shorter roots
than wildtype and the c4 mutants, consistent with its previously reported root meristem
maintenance defect (Blakeslee et al., 2008). The addition of NaCl had no effect on length of
wildtype roots. On SM-NaCl, average length of c4-1, c4-2, and a1-6rcn1-6 roots decreased
significantly compared with root length on SM (Fig. 7).
To gain further insight into effects of NaCl on Arabidopsis seedlings roots, we generated
a dose response curve from 25 to 125 mM. A low concentration (25 mM) of NaCl had a
stimulatory effect on root length for all genotypes, while NaCl concentrations of 100 and 125
mM resulted in significantly shorter roots (Supplemental Fig. S9A). Overall, a1-6rcn1-6 mutants
were the most sensitive to NaCl becoming significantly shorter on SM supplemented with 50
mM NaCl. Decreased root length may impair the roots ability to skew or curl. Even the short
roots of a1-6rcn1-6 mutants still mounted a strong root curling response (data not shown)
15

Figure 6. Root angle response to different salts.
Box plots of root angles when the standardized root growth assay was conducted on SM
(black) or SM supplemented with 75 mM NaCl (green), 75 mM NaNO3 (blue), or 75 mM KCl
(purple); black dots are outliers. Significance was determined by Tukey HSD within genotype
(2 trials; total n per genotype = 38 to 60; p < 0.001). A, wildtype. B, c4-1. C, c4-2. D, a1-6rcn1-6.
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Figure 7. Root length of seedlings grown on SM or SM-NaCl.
Using the standard root growth assay, wildtype, c4-1, c4-2, and a1-6rcn1-6 seedlings were
transferred to either SM (black bars) or SM-NaCl (white bars). Root length was measured
from the transfer point to the end of the root tip using ImageJ. Significance was determined
by Student’s t for a 2x4 factorial, n = 110-125 for each genotype, p < 0.001.
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NaCl alters root cell shape in a1-6rcn1-6 mutants (Blakeslee et al., 2008). The root width
was measured in response to increasing NaCl concentration. Width of wildtype roots did not
change with increasing concentrations of NaCl (Supplemental Fig. S9B). At the highest
concentrations of NaCl (125 mM), roots of c4-1, c4-2, and a1-6rcn1-6 mutants were significantly
wider than roots of the same genotypes grown on SM (0 mM). Root epidermal cells of
seedlings growing on high concentrations of NaCl appeared shorter in length than those grown
on SM indicating that cell expansion is altered in PP2A mutants. Root epidermal cells of PP2A
mutants grown on 125 mM NaCl also appeared wider when compared to roots grown on SM.
Our results show that c4 mutants have similar root width response to increasing concentrations
as the a1-6rcn1-6 mutant.

I.C.6. Effect of Temperature and Photoperiod on Root Angle and Length
Growth of Arabidopsis seedlings can be strongly impacted by the environment. We
noticed that when the standardized root growth assay was done under different growth
conditions that the root angle was noticeably different. To determine how temperature and
photoperiod affected the root response to NaCl, two photoperiods (12 h or 18 h) were studied at
two different temperatures (25°C or 21°C) using the standardized root growth assay. Seedling
root angle and root length of wildtype, c4-1, c4-2, and a1-6rcn1-6 mutants were measured. When
compared to 25°C with a 12 h photoperiod, a similar root response was observed for the
wildtype and PP2A mutants in the different growth conditions but the response strength varied
(Fig. 8). Thus, the measurements from each growth condition were combined to generate an
overall growth condition effect on root growth.
The condition for the standardized root growth assay was 25°C with a 12 h photoperiod
(25°C/12 h) and, under this condition, roots of seedlings grown on SM slanted rightward (Fig.
8A). Regardless of genotype, seedlings grown in the same photoperiod but at a cooler
temperature (21°C) also displayed rightward root slanting. At either temperature, a longer
18

Figure 8. Root angle and length response to temperature and photoperiod.
The standardized root growth assay was modified to compare the effects of four growth
conditions: 21°C with an 18 h photoperiod (21°C/18 h), 25°C/18 h, 21°C/12 h, 25°C/12 h.
Wildtype (■), c4-1 (■), c4-2 (■), and a1-6rcn1-6 (□). A, Root angle of seedlings transferred to
SM. B, Root angle of seedlings transferred to SM-NaCl. C, Root length of seedlings
transferred to SM. D, Root length of seedlings transferred to SM-NaCl. Root angles and
lengths were average for all genotypes grown in a growth condition and significance was
determined by Tukey HSD and LS Mean and standard error of two trials were graphed (total
n per genotype = 55 to 64; p < 0.001).
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photoperiod (18 h) resulted in seedlings with significantly less slanted roots than seedlings
grown under a 12 hr photoperiod. Fig. 8A indicates that photoperiod had a greater effect than
temperature on root angle when seedlings were grown on SM.
On SM-NaCl, roots of all seedlings grew to the left in all photoperiods and temperatures
tested (Fig. 8B). Similar to root angle results from SM, seedlings root angle was affected by
photoperiod and temperature. For all genotypes, the shorter photoperiod (12 h) and warmer
temperature (25°C) resulted in the strongest root angle response and was the only condition in
which root curling was observed. At the same photoperiod (12 h) but a cooler temperature
(21°C), less root skewing occurred. With 18 h photoperiod, the overall seedling root angle was
stronger when seedlings were grown at a warmer temperature compared to the seedlings grown
at cooler temperature. In contrast to seedlings grown on SM, on SM-NaCl temperature had the
greater effect with a lesser contribution from photoperiod. These results show that the growth
conditions used for the standardized root growth assay (25°C/12 h) produced the strongest root
angle response.
We also examined root length of seedlings in these experiments. The longer
photoperiod resulted in significantly shorter roots, an effect that was independent of media
composition (Fig. 8C and D). For all genotypes, temperature contributed slightly to root length
but most of the effect on root length was due to photoperiod.
In addition to the difference in root length and angle, other phenotypic differences were
observed but not quantitated (Supplemental Fig. S10). Root system architecture was highly
responsive to photoperiod and temperature. On SM, plants grown at 25°C/18 h had many long
lateral roots compared to 25°C/12 h and 21°C/18 h. Lateral roots are suppressed by NaCl in all
growth conditions tested. Lateral roots were visible in 25°C/18 h while barely visible in other
conditions. Other observations were that leaves of all genotypes accumulated anthocyanin
when grown in an 18 h photoperiod and the rosette size of seedlings grown on SM at 25°C/18 h
were noticeably larger compared to plants grown under the other conditions.
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Taken together, our results show that temperature and photoperiod affected root angle
and root length differently. Overall, temperature was more important for root angle, while
photoperiod had a stronger influence on root length. Growth conditions impact many other
aspects of plant growth and development. These observations indicate that choice of media and
environmental conditions can have profound impacts on plant phenotype and, if chosen
carefully, will facilitate comparison between different laboratories.

I.C.7. Interaction between Sodium-Induced and Gravity Reorientation Root Response of
PP2A Mutants
We tested the root response of PP2A mutants to gravistimulation in the presence of
NaCl. First we determined that the roots of PP2A mutants could response to gravistimulation.
Wildtype, c4-1, c4-2, and a1-6rcn1-6 seedlings were transferred to SM and the plates were
immediately turned either 90° counterclockwise (CCW) or 90° clockwise (CW). After 24 hours,
the angle of root gravitropic bending was measured (Supplemental Fig. S5C) and data were
binned in 30° increments. The majority of wildtype and PP2A mutant seedlings reoriented at
least 90° (Fig. 9, A and B). Thus, all three PP2A mutants were positively gravitropic and showed
a gravitropic response similar to wildtype.
To test the effect on NaCl expose on the gravitropic root response, the experiment was
repeated except that seedlings were transferred to SM-NaCl. Roots of PP2A mutant seedlings
skew or curl to the left when grown on SM-NaCl, thus we expected that mutant roots on plates
turned CCW would bend more than 90° as a result of a combination of gravitropic bending and
sodium-induced root skewing or curling. Indeed, most PP2A mutant roots (62% to 79%)
reoriented to an angle greater than 120° when turned CCW (Fig. 9C). The majority of wildtype
roots reoriented less than 120° under these conditions. In contrast, roots of mutant seedlings
transferred to SM-NaCl plates that were turned CW were predicted to reorient less than 90° and
that was the result we observed (Fig. 9D). The sodium-induced root curling likely caused a few
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Figure 9. Root response of PP2A mutants to gravistimulation.
After growth for 3 days on vertically-oriented SM plates at 25°C with 12 h photoperiod,
wildtype (■), c4-1 (■), c4-2 (■), and a1-6rcn1-6 (□) seedlings were transferred to SM (A and B)
or SM-NaCl (C and D). Plates were immediately turned 90° counterclockwise (CCW; A and
C) or 90° clockwise (CW; B and D), seedlings were viewed through the agar. Root tip angle
was measured after 24 h (Supplemental Fig. S5C). Measurements were binned in 30°
increments. Bar length indicates number of seedlings.
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a1-6rcn1-6 seedlings roots to bend between 0° to -60°. These results are not unexpected and are
predicted for roots that are responding to two stimuli simultaneously. Most of the wildtype
reoriented more than 90°. These results indicate that the roots are processing the two stimuli
separately and simultaneously.

I.C.8. Interaction of A1 and C4 Subunits in Arabidopsis Roots
Both a1-6rcn1-6 and c4-1 subunit mutants have similar root responses to sodium ions,
indicating that these subunits might be functioning in the same complex and physically
associated in planta. Constructs were created that expressed the C4 subunit with a StrepIII-HA
tag (StrepIII-HA-C4) or the A1RCN1 subunit with a FLAG epitope (A1-FLAG). These PP2A
transgenes were expressed from their native promoters and complemented the a1-6rcn1-6 and c4
mutants, respectively (data not shown). Both transgenes were moved into the a1-6rcn1-6 x c4-1
double mutant background and complemented the double mutant phenotype (Supplemental Fig.
S11). Taken together, these results indicate that the epitope tags do not interfere with that
subunit function or interaction.
To determine if there was a physical interaction between A1RCN1 and C4 subunits, total
proteins were extracted from root tips of 4 d-old seedlings grown on SM. Both A1RCN1 and C4
subunits were detected in the root tip lysate (data not shown). When StrepIII-HA-C4 was used
as bait, A1-FLAG was copurified from the lysate (Fig. 10A). Likewise, when the A1-FLAG was
used as bait, the StrepIII-HA-C4 was detected. These results indicate that A1RCN1 and C4 exist
as a physical complex in Arabidopsis root tips.
To determine if the interaction between A1RCN1 and C4 subunits could be detected from
seedlings grown on NaCl, total proteins were extracted from root tips of 4 d-old seedlings grown
on SM + 50 mM NaCl. The immuno-purifications were performed as described above. Physical
interaction between A1RCN1 and C4 subunits was still detected from seedlings grown in the
presence of NaCl (Fig. 10B).
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Figure 10. A1RCN1 and C4 subunits associate in roots.
a1-6rcn1-6 x c4-1 plants were transformed with both StrepIII-HA-C4 and A1-FLAG. Proteins
were extracted from root tips of 4 d-old seedlings grown on either SM (A) or SM + 50 mM
NaCl (B). Lysate was incubated. StrepIII-HA-C4 was immunoprecipitated with streptactin
matrix and detected with anti-HA. A1-FLAG was immunoprecipitated and detected with antiFLAG antibodies.
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I.D. DISCUSSION
The goal of this study was to characterize the root response of A and C subunit mutants
of protein phosphatase 2A to NaCl stress. We found that a subset of A and C subunit mutants
responded to sodium salts with root skewing or curling. Focusing on the a1-6rcn1-6 and c4
mutants, the root response to NaCl was rapid and the amount of root skewing and curling was
generally proportional to the concentration of NaCl. Both temperature and photoperiod affected
the penetrance of the root skewing/curling phenotypes. The physical interaction detected
between the A1RCN1 and C4 subunits indicates that this heterodimer is present in roots and may
regulate the root response to sodium salts.

I.D.1. C Subunit Expression
Our data show ubiquitous and overlapping expression of the C subunits in Arabidopsis
plants with strongest expression in root meristems and root elongation zones for all five genes.
We observed the same sites of expression for the C2 subunit gene as documented previously
(Thakore et al., 1999; Pernas et al., 2007) but also noted expression in stems and anther
filaments. We also found C4 expression in heart stage, torpedo stage, and mature embryos
(data not shown), consistent with the embryo phenotype reported for the c3 x c4 double mutant
(Ballesteros et al., 2013). The cell-level expression analysis presented here provides a more
detailed view than previous northern, RT-PCR, and microarray results (Arino et al., 1993; PerezCallejon et al., 1993; Casamayor et al., 1994; Hruz et al., 2008; Ballesteros et al., 2013) and
also clarified the expression patterns of the C3 and C4 genes, which are indistinguishable on
the Affymetrix ATH1 microarray chip.

I.D.2. Root Skewing and Curling Response of PP2A Mutants to NaCl
Our results show that Columbia-0 ecotype seedlings grown on the surface of verticallyoriented plates slant to the right, when viewed through the agar, in agreement with previous
25

observations (Rutherford and Masson, 1996). Rightward root growth has also been observed
for other ecotypes grown under similar conditions (Vaughn and Masson, 2011), indicating that
this phenotype is typical for Arabidopsis roots. Our data show that NaCl stress caused wildtype
roots to switch from the typical rightward slant to leftward slant. A subset of plants with
mutations in the PP2A A or C subunits showed an even stronger root response to NaCl, which
we classified as skewing or curling. Our PP2A mutants are clearly not agravitropic, like the
starchless mutants that exhibit random root growth, in contrast the root growth observed with
the PP2A mutants is consistently biased in one direction (Kiss et al., 1989).
Root cells arise post-germination by division of the stem cells that surround the
quiescent center in the root apical meristem (Cederholm et al., 2012). Cell fate is determined
within the meristematic zone based on positional cues and the cells then expand anisotropically
in the elongation zone, achieving their mature size and shape in the differentiation zone. Root
cells form columns, or cell files, that are usually arranged parallel to the longitudinal axis of the
root. Columbia-0 wildtype seedlings grown on a vertically oriented agar surface have a standard
cell shape, display parallel cell files, and show a slight root skewing phenotype (personal
observation; Rutherford and Masson, 1996). Cell shape is plastic during the expansion phase
and non-standard cell shapes can result under certain conditions. Some cytoskeletal mutants
(lefty1, lefty2, sku6/spr1, and spr2) and auxin response-related mutants (pin2/eir1/agr1/wav6
and aux1) display non-standard cell shapes and epidermal cell file rotation (CFR). These
mutant’s roots display waving, skewing, or curling even when grown on a completely vertical
agar surface (personal observation; Oliva and Dunand, 2007; Migliaccio et al., 2013).
The phenotype of the PP2A a1-6rcn1-6, c2 and c4 mutants is distinct from previously
described root skewing or curling mutants because it is sodium inducible. Other root skewing
mutants do not have the sodium requirement observed for the PP2A mutants. A subset of auxin
transport mutants and mutants that affect components of the microtubule cytoskeleton also
have a root skewing phenotype but it is not sodium-dependent. Left-skewing mutants, based on
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viewing the roots through the agar, include wvd2, sku6/spr1, and spr2 (Furutani et al., 2000;
Yuen et al., 2003; Shoji et al., 2004; Perrin et al., 2007), while right-skewing mutants include
pin2/eir1/agr1/wav6, aux1, bp-1, bp-5, eb1b, lefty1, lefty2, and rha1(Thitamadee et al., 2002;
Fortunati et al., 2008; Squires and Bisgrove, 2013). Interestingly, mutants in alpha and beta
tubulin can exhibit either leftward or rightward root skewing (Ishida et al., 2007). Microtubule
inhibitors such as taxol and propyzamide cause roots to skew to the right (unpublished
observations; Shoji et al., 2006). This suggests that some PP2A heterotrimers may
dephosphorylate proteins involved in auxin transport or structural components of the
cytoskeleton.
Our data show complex interactions between temperature and photoperiod in the root
response to NaCl stress. Depending upon the growth conditions used, the sodium-induced root
skewing may not be easily detectable. On SM, photoperiod has a stronger influence on root
skewing and root length than temperature does. On NaCl-supplemented medium, temperature
is the more important factor in determining the amount of root skewing or curling. The 18 h
photoperiod and 21°C combination resulted in the least skewing in the presence of elevated
NaCl, while the 12 hr and 25°C combination resulted in the most skewing. Photoperiod had the
greatest influence on root length when seedlings were grown on SM-NaCl. Temperature also
affects penetrance of the root skewing phenotype in other skewing mutants. spr1-1 has an
opposite effect where root skewing is increased at a lower temperature but decreased at a
higher temperature (Furutani et al., 2000). Other PP2A mutant phenotype are also sensitive to
growth conditions. The a1-6rcn1-6 mutant has a reduced response to gravistimulation under
certain growth conditions (Rashotte et al., 2000) but responds to gravity almost normally when
grown using our standardized assay conditions (Hunter, Bruell, Thompson, and Hrabak,
unpublished data).
Root halotropism occurs when roots grow away from elevated salt concentration
negative root response to salt. When plants sense a salt gradient, auxin is redistributed to the
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side of the root opposite to the high salt concentration thus leading to directional bending away
from the high salt region (Galvan-Ampudia et al., 2013; Pierik and Testerink, 2014). Because of
the importance of auxin in root bending responses, we investigated whether auxin distribution
was altered both using the DR5::GUS reporter. We observed no obvious difference in auxin
distribution in wildtype or c4-1 plants grown on SM or SM-NaCl (Towne, Thompson, and
Hrabak, unpublished data). While both sodium-induced root skewing and halotropism result in a
change in root growth direction, these root responses may not be directly related.
Salt stress has been reported to reduce the amyloplasts in the root columella cells of
wildtype seedlings and thus reduce the gravitropic response (Sun et al., 2008). We examined
the amyloplasts in the wildtype, c4, and a1rcn1 roots grown on SM-NaCl using the standard
assay and did not observe the disappearance of amyloplasts during the time points indicated by
Sun et al. (2008) (Riding, Thompson, and Hrabak, unpublished data). Our result showed that
the root gravitropic response and the root response to NaCl were not in the same pathway.
Taken together, our results indicate that redistribution of auxin or degredation of amyloplasts is
likely not the primary mechanism that C4 and A1RCN1 regulate in response to NaCl stress.
In this study, we show that the c4 and a1rcn1 mutants have right-handed epidermal cell
file rotation (CFR) in response to salt stress, suggesting that cytoskeleton could be important
factor in the root response to sodium. CFR is observed in many of the microtubule and
microtubule associated protein mutants, such as sku6/spr1 and spr2. sku6/spr1 has leftward
skewing roots and right-handed CFR and the root skewing phenotype of the sku6/spr1, but not
spr2, is suppressed during NaCl stress (Shoji et al., 2006). Furthermore, mutants in the Salt
Overly Sensitive Na+/H+ antiporter (sos1/atnhx7) and the ser/thr kinase (sos2) repressed the
sku6/spr1 root skewing phenotype (Shoji et al., 2006). The sos1 and sos2 mutants roots skew
leftward in the presence of microtubule inhibitors while wildtype responds with rightward
skewing. Further evidence that salt stress is involved in root growth direction was shown with
another Na+/H+ antiporter mutant. Leftward root skewing phenotype was observed in response
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to potassium in a quadruple vacuolar Na+/H+ antiporter mutant (McCubbin et al., 2014). This
quadruple mutant displayed a change in cortical microtubule arrays arrangement from
perpendicular to the longitudinal growth axis of the root when seedlings were grown on low
potassium medium to oblique orientation when the quadruple mutant was grown on high
potassium medium. The PP2A mutant root skewing/curling phenotype is similar in that it is
cation inducible, except that sodium is the main contributor to root skewing in our growth
conditions. PP2A could regulate multiple signaling events in response to salt stress. For
example, when roots are experiencing salt stress, the cytoskeleton is rearranged (Sedbrook et
al., 2004; Yuen et al., 2005; Shoji et al., 2006; Wang et al., 2009; Wang et al., 2011). During
osmotic stress, alpha tubulin is phosphorylated at Thr349, in addition the cytoskeleton and
associated proteins are known to be phosphorylated (Ban et al., 2013; Fujita et al., 2013).
Future analysis of the sodium-induced root skewing and curling phenotype will focus on
characterizing the cytoskeleton during NaCl stress.

I.D.3. Decreased Root Length of PP2A Mutants on NaCl
The roots of a1-6rcn1-6 seedlings were shorter than wildtype when grown on SM (Fig. 7).
This result is consistent with Blakeslee et al. (2007). The root length of c4-1, c4-2, and a1-6rcn1-6
seedlings was shorter than wildtype in the presence of NaCl (Fig. 7 and 8). It is currently known
if the reduction in root length is due to decreased cell size or cell number. For future
experiments, the length of root cells in the differentiation zone and the number of cells in the
meristem could be measured.

I.D.4. PP2A A and C Subunit Heterodimers
We have established that a1-6rcn1-6 and c4 mutants have similar sodium-induced root
phenotypes and we hypothesized that these subunits might interact. Initially, we attempted to
use the yeast two-hybrid system to detect interactions between A and C subunits but, similar to
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Harris et al. (1999), these attempts were unsuccessful (Riding, Thompson, and Hrabak,
unpublished data). Despite not detecting interactions between the A and C subunits, we
detected interactions between TAP46, a PP2A interacting protein, and all of the C subunits.
More recently, Waadt et al. (2015) did detect interactions between most of the A and C subunits
using a different yeast two-hybrid system.
Next, we turned to an in planta system. As reported for yeast PP2A mutants (Gentry
and Hallberg, 2002), C subunits tagged with GFP did not complement (Thompson and Hrabak,
unpublished data), indicating that this large tag interfered with the C subunit function and
possibly complex formation. However, epitope tagged subunits complemented the c4 sodiuminduced root skewing phenotype indicating that small epitope tags are most amenable for
studies of PP2A holoenzyme composition. Immunoprecipitated epitope-tagged A and C
subunits from Arabidopsis extracts. We found that the A1RCN1 and C4 subunits physically
interact in root tips, the location where cell file rotation occurs. Thus, based on the similarity of
the mutant phenotypes and evidence for physical interaction, it is tempting to speculate that a
protein complex containing these two subunits and probably yet unidentified B subunits are
responsible for maintaining straight cell files under conditions of sodium stress.

I.D.5. Sodium-induced Root Skewing and Curling Phenotype of Other A and C Subunit
Mutants
Our study shows that the a1-6rcn1-6 and c4 mutants have a strong root curling and
skewing phenotype in response to sodium salts. While not the focus of this manuscript, the c2-1
mutant also displayed a sodium-induced root skewing phenotype that was weaker than the c4-1
and c4-2 phenotypes (Supplemental Fig. S4 and data not shown). This was unexpected
because the C2 subunit is more closely related to the C1 and C5 subunits than to C4. This
could indicate that the proteins that these subunits regulate is an ancient function that was
present before the two classes split. Alternatively, this function could have evolved
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independently in both classes. Another possibility is that the C2 and C4 subunits have nonredundant functions and affect different pathways although the phenotypic consequence of
these pathways is similar. We are currently using A and C subunit double mutants to
investigate which A-C combinations regulate the root response to sodium-containing salts.

I.D.6. Conclusion
Multiple signaling events are involved when plants are exposed to salt stress. We
identified PP2A as another signaling protein that is involved in maintaining root growth during
salt stress. Our results show that a subset of mutants in the A and C subunit of PP2A displayed
a sodium-induced root skewing and curling phenotype. Our work reveals the formation of an A
and C subunit heterodimer, with an unknown B subunit, in roots which may provide insight into
which subunits associate to form functional complexes in planta
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I.E. METHODS
I.E.1. Plant Materials and Growth Conditions
Arabidopsis thaliana (Heyn.) ecotype Columbia-0 was used throughout. Most T-DNA
insertion lines were identified in the SIGnAL database (http://signal.salk.edu) and obtained from
the Arabidopsis Biological Resource Center, Nottingham Arabidopsis Stock Center or GABI-Kat
(Table 1). The A subunit mutants (a1-6rcn1-6, a2-1, and a3-1) were the gift of Alison DeLong
(Brown University). The c2-1, c3-1, and c5-1 mutants used in this study were a gift from Jose
Sánchez-Serrano (Campus Universidad Autonoma de Madrid). Homozygous mutants were
identified by genotyping (Table S1).
For growth in pots, seeds were planted in soil-less medium consisting of equal parts
perlite (Whittemore Company) and MetroMix 360 (SUN GRO Horticulture) and grown at 21˚C
with a 16 h photoperiod with a flux of 100 µmol m-2 sec-1. For growth under aseptic conditions,
seeds were surface-sterilized with 70% ethanol containing 1 drop 10% Triton X-100 for 5 min,
followed by 100% ethanol containing 1 drop 10% Triton X-100 for 5 min, and washed with 100%
ethanol for 5 minutes. All ethanol treatments were conducted using gentle agitation. Seeds
were air dried before being placed on agar medium. Standard growth medium [(SM); 0.5X
Murashige-Skoog salts plus Gamborg’s vitamins, pH 5.7 (Caisson Laboratories) containing
0.8% Phytoblend (Caisson Laboratories)] was autoclaved and allowed to solidify. Solidified
medium was melted in a microwave before dispensing 30 ml into 100 mm2 gridded square
dishes. Plates were dried in a laminar flow hood for 45 minutes with the plate lids partially ajar.

I.E.2. Standardized Root Growth Assay
Surface-sterilized seeds were sprinkled on SM prepared as described above, sealed
with 3M Micropore surgical tape (Fisher Scientific), and stratified for 3 d. Plates were oriented
vertically at 25˚C with a 12 h photoperiod using fluorescent light at 100 µmol m-2 sec-1 unless
indicated otherwise. Three d-old seedlings were transferred to test plates with the root tips were
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aligned to the first horizontal gridline on the plate. Test plates were oriented vertically and
seedlings were grown for 7 additional days then photographed through the agar.
Measurements were done using ImageJ (Schneider et al., 2012) as shown in Supplemental Fig.
S5, A and B. Root epidermal cell files were visualized with an Olympus SZX9 stereo
microscope with an Olympus Q-color 3 digital camera. Images were adjusted in GNU Image
Manipulation Program (GIMP) version 2.8.16.

I.E.3. Cloning and Plant Transformation
All primers were ordered from Integrated DNA Technologies (Supplemental Table S1).
Most clones were made by amplifying wildtype Arabidopsis thaliana Columbia-0 genomic DNA
with ExTaq DNA polymerase (Clontech) or Phusion DNA polymerase (New England BioLabs).
For β-glucuronidase (uidA) expression analysis, PCR products contained a regulatory region
that extended from the predicted transcriptional start site upstream to the protein coding region
of the previous gene, included all introns and exons but ended immediately prior to the stop
codon. For the A1-FLAG construct, 2017 bp from the start codon was included and ended at
the codon preceding the stop codon. For the StrepIII-HA-C4 construct, the upstream start site
was identical to the GUS expression construct but the construct included 445 bp downstream of
the stop codon. PCR SOEing (Horton et al., 1990) was used to insert the plant codon-optimized
StrepIII-HA epitope tag (Junttila et al., 2005; Glatter et al., 2009) in-frame after the tenth codon
in the C4 gene. All PCR products were cloned into pCR8/GW/TOPO (ThermoFisher) following
manufacturer’s suggestions and orientation of PCR product was checked by restriction
digestion. PP2A gene was Gateway cloned into a binary vector (Supplemental Table S2).
Plants were transformed by floral dip using Agrobacterium tumefaciens GV3101 (Clough and
Bent, 1998) and the T1 generation was selected using either 65 mM hygromycin or 0.2%
BASTA. Expression patterns transformed with three independent clones of each GUS
expression construct were characterized. The epitope-tagged constructs were sequenced and
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multiple transgenic Arabidopsis lines were generated using an error-free clone.

I.E.4. Analysis of Gene Expression
For histochemical assay of β-glucuronidase (Martin et al., 1992), transgenic seedlings
were grown with a 12 h photoperiod at 25˚C on vertically-oriented SM agar plates and assayed
1, 4, 7, 10, or 14 d after germination. Shoots and inflorescences were assayed from soil-grown
plants grown 21°C with an 18 h photoperiod. Plant samples were submerged in the GUS assay
solution [100 mM sodium phosphate, pH 7.0, 1 mM K3Fe(CN)6, 1 mM K4Fe(CN)6-3H2O, 4 mM
EDTA, 0.1% Triton X-100, 1 mM 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid (X-Gluc)
dissolved in dimethylformamide (Rose Scientific Ltd)]. Plant samples were vacuum-infiltrated for
5-15 minutes and some samples were reinfiltrated for an additional 5 minutes to increase
substrate penetration. Samples were incubated at 37˚C for 1, 3, 12 or 24 h. Samples were
decolorized with 70% ethanol, equilibrated into water and mounted for microscopy in 50-100%
glycerol. Imaging was done using a Zeiss Axioplan 2 upright compound microscope and a
Zeiss AxioCam MRC camera or an Olympus SZX9 stereo microscope with an Olympus Q-color
3 digital camera. Twenty-eight day seedlings were photographed unmounted with a Pentax
K100 digital camera using manual settings (aperture 8.0, F stop 20-60). Images were adjusted
in Adobe Creative Suite 3 using Autocontrast.

I.E.5. Protein Purification
Seeds were directly sown on either SM or SM + 50 mM NaCl and stratified. After 4 days
growth at 25°C with 12 h photoperiod, 0.5 cm of root tip was excised and flash frozen. Root tips
were ground in liquid nitrogen, and ice cold plant lysis buffer (20 mM HEPES-NaOH [pH 7.6],
10% [v:v] glycerol, 1% [v:v] Triton X-100, 3.3% [v:v] plant protease inhibitor cocktail [SigmaAldrich]) was added and the lysate was clarified by centrifugation at 10,000 x g for 10 min.
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For immunopurification of StrepIII-tagged proteins, 50 µL of MagStrep “type 2” beads
(IBA) was pre-washed in 1 mL of plant lysis buffer and collected using a rare earth magnet.
Lysate and beads were rotated end-over-end for 1 h at 4°C. Beads were washed three times in
two volumes of plant lysis buffer. For immunopurification of FLAG-tagged proteins, 20 µL AntiFLAG M2 affinity resin (Sigma-Aldrich) was pre-washed twice according to manufacturer’s
suggestions. Lysate and resin were rotated end-over-end for 2 h at 4°C. Resin was washed
three times in two volumes of plant lysis buffer.
Proteins were eluted from streptactin beads and anti-FLAG resin by incubating at 95°C
for 4 min in sample loading buffer (63 mM Tris-HCl [pH 6.8], 10% glycerol, 2% [w:v] SDS, 5% βmercaptoethanol, 0.05% [w:v] bromophenol blue). SDS-PAGE, detecting immunodecorated
proteins, and stripping PVDF membranes was performed as previously described (Lu and
Hrabak, 2002). Blocking and antibody incubation with primary antibodies (HA-Tag mouse mAb
and DYKDDDDK Tag) were performed following manufacturer’s suggestions (Cell Signaling
Technology).
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I.F. SUPPLEMENTAL TABLES

Supplemental Table S 1. Primers used in this work.
Primer Sequence
Genotyping
5ʹ-TCA ACT TGT AAT GGA AGG
5ʹ-ATG GGT TTT TCG TCT TTG GTA TCA
5ʹ-CTA CAG AGA AAT GCG GAC GAT
5ʹ-TGG GCA AAG ACC TGA ATG AA
5ʹ-CCA CTC GCC CCT TTA CCT CAC
5ʹ-TCA TCT TTC CCC TCT TTT ACT TCC
5ʹ-GGC AAT CAG CTG TTG CCC GTC TCA CT
5ʹ-CCC ATT TGG ACG TGA ATG TAG ACA C
5ʹ-CAA CAA TCC GCA CTA CCT ACA CAG
5ʹ-TGC GAT CAT AGG CGT CTC
5ʹ-AAG GGG TAT GCA AGT GGG AAG AAG

Purpose (name)
genotyping c1-1 (F1)
genotyping c1-1 (R1)
genotyping c4-1 mutation (F1)
genotyping c4-1 mutation (R1)
genotyping c4-2 mutation (F2)
genotyping c4-2 mutation (R2)
genotyping Salk T-DNA (JMLB1)
genotyping GABI T-DNA plasmid pAC161
genotyping A1::A1:FLAG, A1 gene
genotyping A1::A1:FLAG, pEarleyGate
genotyping c4-1 when transformed with
C4::StrepIII-HA-C4
genotyping C4::StrepIII-HA-C4
StrepIII-HA specific
genotyping a1rcn1-6
genotyping a1rcn1-6

5ʹ-GCT TTC TCA CAT AAT GCT CTG
5ʹ-CGA GAA GCT TTA CCC ATA CGA TGT
5ʹ-GTA CAA TAG ATA GAT TAG AGG
5ʹ-AGT TCA TAG CCA GCA ACC
Plasmid construction
5ʹ-CTG TTC CGT AGG TGT GG
5ʹ-CTA TGC GAG TTT TTG AGC
5ʹ-ATT TTC ACT ATG AAC TCT ATT GAG
5ʹ-CAA AAA ATA ATC AGG GGT
5ʹ-TAC TCA AAC GGT GAA GAG AGC
5ʹ-GTA GAA GTT AGT ATT AAA CCG
5ʹ-CAG GAA ATA GTC TGG AGT
5ʹ-GCA AAT ACC AAA TAG GTC
5ʹ-AAG GAA ATA GTC AGG TGT
5ʹ-TTA GTT AGG TCT AAG TTC AAG
5ʹ-CAA AAA ATA ATC TGG AGT
5ʹ-ATG GGC GCG AAT TCG
5ʹ-AAG GAA ATA GTC AGG TGT
5ʹ-GAT CTG GAG GAG GAT CTT GGT CTC ACC CTC
AGT TCG AGA AGC TTT ACC CAT ACG ATG TTC
CAG ATT ACG CTA CCC TCG ATC TAG ATG AGC
5ʹ-TGA GGG TGA GAC CAA GAT CCT CCT CCA GAT
CCT CCT CCA GAT CCT CCT CCC TTT TCG AAC
TGA GGG TGA GAC CAT GCA TCC GTT GGA AGC
5ʹ-TAT ACA GTG GAT ACA GGT CTG
5ʹ-GGA TTG TGC TGC TGT GGA
RT-PCR or qPCR
5ʹ-AAG CCG TTA GGT GAA GCA GAC
5ʹ-ATG GGT TTT TCG TCT TTG GTA TCA
5ʹ-GGG CTT CCA CCT GTT GA
5ʹ-TGG AAG CCT CTG ACT GAT GGA
5ʹ-ATG GGC GCG AAT TCG

c4-1 complementation
c4-1 complementation and
StrepIII-HA Co-IP C4 construct
C1 GUS expression construct
C1 and C2 GUS expression construct
C2 GUS expression construct
C3 GUS expression construct
C3 GUS expression construct
C4 GUS expression construct and
StrepIII-HA C4 Co-IP construct
C4 GUS expression construct
C5 GUS expression construct
C5 GUS expression construct
GUS negative control
GUS negative control
SOEing primers for C4::StrepIII-HA-C4 Co-IP
construct
SOEing primers for C4::StrepIII-HA-C4 Co-IP
construct
A1::A1:FLAG Co-IP construct
A1::A1:FLAG Co-IP construct

RT-PCR c1-1 (F)
RT-PCR c1-1 (R)
RT-PCR housekeeping gene for c1-1
RT-PCR housekeeping gene for c1-1
RT-PCR c4 mutants (F)
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5ʹ-AAG GAA ATA GTC AGG TGT
5ʹ-TTG TGT TCC AGG TTG CTT CTC TT
5ʹ-TTC ATG AGA GGT TTT AAA GTT CAT TGA C
5ʹ-CGA GGT TTA CGC ATC CAT GA
5ʹ-TCG ACA GCG AGA GAA GTG AGA A
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RT-PCR c4 mutants (R)
qPCR amplify C4 gene
qPCR amplify C4 gene
qPCR amplify housekeeping gene, RT-PCR
housekeeping gene for c4 mutants
qPCR amplify housekeeping gene, RT-PCR
housekeeping gene for c4 mutants

Supplemental Table S 2. Destination vector used in this work.
Destination Vectors

Reference

Expression
C1::C1:GUS
C2::C2:GUS
sC3::C3:GUS
LC3::C3:GUS
C4::C4:GUS
C5::C5:GUS
GUS Negative Control

pMDC163
pMDC163
pMDC163
pMDC163
pMDC163
pMDC163
pMDC163

(Curtis and Grossniklaus, 2003)
(Curtis and Grossniklaus, 2003)
(Curtis and Grossniklaus, 2003)
(Curtis and Grossniklaus, 2003)
(Curtis and Grossniklaus, 2003)
(Curtis and Grossniklaus, 2003)
(Curtis and Grossniklaus, 2003)

Complementation
C4 subunit gene

pMDC123

(Curtis and Grossniklaus, 2003)

Co-immunoprecipitation
A1::A1-FLAG
C4::StrepIII-HA-C4

pEarlyGate302
pMDC123

(Earley et al., 2006)
(Curtis and Grossniklaus, 2003)
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I.G. SUPPLEMENTAL FIGURES

Supplemental Figure S 1. Expression of PP2A C subunits assessed using translational
GUS fusions.
A to E, Lateral root primordia assayed for 1 or 3 h. F to J, Guard cells on rosette leaves
assayed for 12 h. K to O, Siliques assayed for 24 h.
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Supplemental Figure S 2. Background GUS expression in Arabidopsis transformed
with control vector.
All assays were 24 h. A, Primary root tip of 7 d-old seedling. B, Lateral root meristem and
root of 7 d-old seedling. C, Hypocotyl of 7 d-old seedling. D, Rosette leaf. E, Cauline leaf,
lateral bud, and stem. F, Floral apex with young silique, flowers and unopened buds. G,
Silique.
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Supplemental Figure S 3. Characterization of PP2A c1 and c4 mutant alleles.
A, C1 gene structure and T-DNA location. Sequence of the T-DNA insertion site was
generated using primer R1. Junction sequence relative to the upper DNA strand. B, C4 gene
structure and T-DNA locations. Sequences of the T-DNA insertion sites were generated
using primer F1 for c4-1 and primer F2 for c4-2. The gene models contain boxes for exons,
lines for introns or intergenic regions. Black boxes are open reading frames and grey boxes
are untranslated regions. RT-PCR primers are grey arrows and PCR primers are black
arrows. C, RT-PCR amplification of C1 and C4 cDNA from wildtype (WT) and mutant
seedlings using primers that flank the T-DNA insertion site. TIP41 housekeeping gene
(At4g34270; Czechowski et al., 2005) was used as a positive control.
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Supplemental Figure S 4. Root skewing response of PP2A A and C mutants in
response to 75 mM NaCl.
Standardized root growth assay, in which seedlings were transferred to test plates and grown
for an additional seven days before being photographed through the agar. A, Seedlings
transferred to SM. B, Seedlings transferred to SM-NaCl.
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Supplemental Figure S 5. Quantitation of root phenotypes.
A and B, Method for measuring root responses. Slanting was defined as a root angle of 30° or
less from the vertical. Root angles between 30° and 140° were classified as skewing and
angles greater than 140° were classified as curling. Roots that grew rightward were assigned
a positive value while roots that skewed leftward were assigned a negative value. A, When
the root showed no indication of curling, root slanting or skewing was measured as the angle
(θ) defined by the root tip vector and the vertical gravity vector; the vertex of this angle was
the position of the root tip when the 3 d-old seedling was transferred to the test plate
(horizontal grey line). B, Quantitation of root curling took into account the entire path of the
root during the 7-day assay. If the root’s path traced a full circle (360°), the angle (θ) defined
by the root tip vector and gravity vector was measured after the completion of the circle and
then added to 360°. If the root did not complete a full circle, then the angle of the arc was
measured. C, Plates were turned 90° counterclockwise (CCW) or 90° clockwise (CW) and the
bending to the new gravity vector was determined by measuring the root tip angle.

43

Supplemental Figure S 6. Complementation of the root skewing phenotype of c4-1
mutant.
The C4 gene expressed under its own promoter was transformed into c4-1 seedlings. A
segregating population of T2 offspring from one plant was evaluated using the standardized
root growth assay. All seedlings were genotyped for the wildtype C4 transgene.
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Supplemental Figure S 7. Phenocopy of the sodium-induced root skewing phenotype
with cantharidin.
The standardized root growth assay was performed on 3 d-old wildtype seedlings transferred
to SM-NaCl supplemented with 0 µM (A) or 3 µM cantharidin (B). C, c4-1 grown on SM-NaCl
with 0 µM cantharidin was used as a positive control.
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Supplemental Figure S 8. Root response to KCl and NaNO3.
The standardized root growth assay was used to assess seedling response to SM
supplemented with 75 mM KCl (SM-KCl) or 75 mM NaNO3 (SM-NaNO3).
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Supplemental Figure S 9. Root width and length response to increasing NaCl and
mannitol concentrations.
Using the standardized root growth assay, seedlings were transferred to SM or SM
supplemented with different concentrations of NaCl (A and B) or mannitol (C and D).
Significant difference from wildtype was determined by a Dunnett’s test (§ p < 0.1; * p < 0.05;
** p < 0.01; *** p < 0.001) and three experimental repeats were included (total n per genotype
= 27 to 38). A and C, Root length was measured from the initial transition point to the end of
the root tip using ImageJ. B and D, Root width was measured after 7 days by mounting roots
in water on slides, imaging with Zeiss Axioplan 2 upright compound microscope, and
measuring using Zeiss AxioVision.
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Supplemental Figure S 10. Root width and length response to increasing NaCl and
mannitol concentrations.
The standardized root growth assay was modified to compare the effects of four growth
conditions: A, 21°C with an 18 h photoperiod (21°C/18 h); B, 25°C/18 h; and C, 21°C/12 h.
Seedlings were transferred to test plates containing SM or SM-NaCl.
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Supplemental Figure S 11. A1-FLAG and StrepIII-HA-C4 complement the a1-6rcn1-6 x c4-1
double mutant.
A) Standardized root growth on SM-NaCl with wildtype, a1-6rcn1-6, c4-1, and a1-6rcn1-6 x c4-1.
Double mutant seedlings carrying both transgenes complemented and closely resemble
wildtype. Double mutant seedlings carrying a single transgene resemble phenotype of the
non-complemented mutant. The a1-6rcn1-6 x c4-1 double mutant root growth phenotype was
similar to the single a1-6rcn1-6 mutant.
B) Five seedlings from an a1-6rcn1-6 x c4-1 double mutant population segregating for A1-FLAG
and StrepIII-HA-C4 transgenes. After the standardized root growth assay on SM-NaCl,
seedlings were genotyped for the epitope-tagged transgenes.
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I.H. SUPPLEMENTAL METHODS

I.H.1. Cloning and Plant Transformation
All primers are in Supplemental Table S1. PCR was performed with ExTaq DNA
polymerase (Clontech). Most clones were made by amplifying wildtype Arabidopsis thaliana
Columbia-0 genomic DNA with. The GUS expression negative control plasmid contained the
C4 open reading frame without the stop codon was amplified from the cDNA in pUNI clone
U14624 (Supplemental Table S1 and S2; Yamada et al., 2003). For c4-1 mutant
complementation with an unmodified C4 gene, the amplified region spanned from the putative
promoter to 445 bp downstream from the stop codon. PCR products were Gateway cloned into
a destination vector (Supplemental Table S2). After transformation into Agrobacterium
tumefaciens GV3101, plants were transformed by floral dip (Clough and Bent, 1998) and the T1
generation was selected using 65 mM hygromycin. Arabidopsis plants were transformed with at
least 2 independent clones for complementation. Multiple transgenic lines were generated for
each construct.
PCR products were purified using the Wizard PCR Cleanup kit (Promega) per
manufacturer’s recommendations. Sequencing of plasmid constructs was done as previously
described (Lu and Hrabak, 2002).

I.H.2. Analysis of Gene Expression
For RT-PCR, seedlings were grown in 0.5X Murashige and Skoog medium with
Gamborg’s vitamins containing 1% sucrose with gentle agitation (150 rpm) at 25˚C with a 12-h
photoperiod 100 µE sec-1 m-2 from cool white fluorescent bulbs. RNA was extracted from 2week-old seedlings using an RNeasy kit (Qiagen). Genomic DNA was removed by treatment
with TURBO DNA-free kit (Applied Biosystems/Ambion). Reverse transcription was performed
with SuperScript III reverse transcriptase (Life Technology).
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I.H.3. Standardized Root Growth Assay with Cantharidin
Cantharidin (Sigma-Aldrich, St. Louis, MO) was dissolved in DMSO to a concentration of
3 mM. In the standardized root growth assay, SM-NaCl was supplemented with either DMSO or
cantharidin at a final concentration of 3 µM.
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CHAPTER II – NEW ROLES FOR THE A AND C SUBUNITS OF PROTEIN PHOSPHATASE
2A IDENTIFIED FROM GENETIC INTERACTION NETWORKS

II.A. SUMMARY
Complex genetic interactions between gene products, along with other factors,
contribute to root and hypocotyl phenotypes. The type of genetic interaction can be determined
by comparing quantitative phenotypic data from wildtype, single mutants, and corresponding
combinatorial mutants. Here, I examined the genetic interactions of the scaffolding A subunit
and catalytic C subunit of the heterotrimeric Protein Phosphatase 2A enzyme for three
phenotypes (root angle root length and hypocotyl length) grown under two growth conditions
(unsupplemented and supplemented). In Arabidopsis thaliana, three genes encode A subunits
(A1, A2, and A3) and five genes encode C subunits (C1, C2, C3, C4, and C5). The genetic
interaction networks were unique for each phenotype and growth condition. The most common
interactions were noninteractive, additive, and epistatic. This network analysis provided
functional information for the genetic interactions underlying the phenotypes chosen and
specified redundant and distinct functions for the A and C subunits. In addition, previously
unidentified roles for specific A and C subunit mutants in regulating roots and shoots were
revealed.
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II.B. INTRODUCTION
Reversible protein phosphorylation catalyzed by kinases and phosphatases most
commonly occurs on serine and threonine residues (Olsen et al., 2006). Protein Phosphatase
2A (PP2A) is very abundant and accounts for 1% of the total protein in the cell (Shi, 2009).
About 85% of the phosphatase activity in the cell can be attributed to PP2A and PP1
(MacKintosh and Cohen, 1989). Biological processes that PP2A regulates include microtubule
dynamics, translation initiation, cellular division, and apoptosis, (Janssens and Goris, 2001).
The canonical PP2A is a heterotrimer consisting of one regulatory/scaffolding A subunit,
one regulatory B subunit, and one catalytic C subunit. Eukaryotic genomes contain multiple
genes encoding each subunit (Moorhead et al., 2009). For example, the Arabidopsis thaliana
genome contains 3 A subunit genes, 17 B subunit genes, and 5 C subunit genes. The B
subunits are further divided into the B55, B´, and B´´ groups, based on amino acid sequence
similarities. In plants, the C subunits have diverged into two groups, Class I/Clade A and Class
II/Clade B, prior to land plant diversification (Booker and DeLong, 2016).
In both plants and animals, the PP2A A and C subunits are ubiquitously expressed
(Chapter I.C.1; Janssens et al., 2008; Lillo et al., 2014). In Arabidopsis, the A3 and C1 genes
are recommended as excellent candidates for qPCR housekeeping genes due to their stable
expression under different growth conditions (Czechowski et al., 2005). The B subunit
expression is more variable in location and in expression strength. The A and C subunit proteins
can physically associate in all possible A-C combinations but with different association kinetics
(Janssens et al., 2008; Waadt et al., 2015). In contrast, expression levels of B subunit gene is
highly variable and often specific to particular developmental states (Lillo et al., 2014).
The tertiary structure and sequence of PP2A A and C subunits are conserved across
eukaryotes (Moorhead et al., 2009; Booker and DeLong, 2016). For example, the amino acid
sequences of the Arabidopsis A subunits are 85-93% identical and the C subunits in Class
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I/Clade A (C1, C2, and C5) and Class II/Clade B (C3 and C4) are 93% and 98% identical,
respectively.
Despite the high level of sequence conservation and the almost constitutive expression
of the A and C subunit genes throughout the Arabidopsis life cycle, plants with single mutations
in a single A or C subunit gene often display distinct phenotypes. For example, the well-studied
a1 mutant has phenotypes that include effects on auxin transport (Garbers et al., 1996;
Rashotte et al., 2001; Michniewicz et al., 2007; Dai et al., 2012; Karampelias et al., 2016), ABA
signaling (Kwak et al., 2002; Waadt et al., 2015), ethylene responses and biosynthesis (Larsen
and Cancel, 2003; Muday et al., 2006; Skottke et al., 2011), and responses to salt stress
(Chapter I; Blakeslee et al., 2008). No phenotypes have been reported for plants with mutations
in the A2 or A3 subunit genes (Zhou et al., 2004). The phenotypes reported for C subunit
mutants are limited and include roles in response to ABA (Pernas et al., 2007), sodium stress
(Chapter I), and brassinosteroid signaling (Tang et al., 2011; Hu et al., 2017).
PP2A subunits associate in multiple holoenzymes and each subunit is likely in multiple
complex regulatory networks. Genetic interactions can determine if these subunits function in
the same or different regulatory networks. Little is known about the genetic interactions of the A
and C subunits due to the few studies using double mutants. Double A subunit mutants showed
redundancy and specificity for each A subunit (Zhou et al., 2004). Double c3xc4 mutants have
a severely stunted root and shoot indicating that these subunits have some redundancy in their
functions (Ballesteros et al., 2013). Waadt et al. (2015) recognized that PP2A subunits form
complexes and studied ABA responses of single and double PP2A A and C subunit mutants to
help decipher the genetic network. Using double mutants resulted in new understanding of what
subunits contribute to ABA response, however defining how these subunits interacted together
was not discussed. Additionally, there has yet to be a comprehensive assessment describing
the genetic interactions of all A and C subunits with each other.
In this report, we described the classical genetic interaction between PP2A A and C
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subunits based on definitions from Drees et al. (2005). Phenotypes from roots and shoots were
analyzed to generate genetic interaction maps. We focused on three phenotypes - root length,
root angle, and etiolated hypocotyl length- that have previously been described for PP2A A and
C subunit mutants. Changes to the genetic interaction landscape were characterized from
different conditions.
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II.C. RESULTS
II.C.1. Phenotypes of PP2A Mutants Under Four Growth Conditions
Roots or hypocotyls of Arabidopsis PP2A mutant seedlings were measured that were
grown under four different conditions: standard 12-h photoperiod on standard growth medium
(SM; Chapter I.E.1.), standard photoperiod plus NaCl stress (SM-NaCl; Chapter I.E.2), darkgrown on SM, and dark-grown on SM with sucrose supplementation. Two root characteristics,
angle from the vertical and length, were measured for light-grown seedlings and hypocotyl
length was measured for dark-grown seedlings. Aberrations in root angle, root length, and
hypocotyl length have previously been documented for specific A and C subunit mutants
(Chapter I; Larsen and Cancel, 2003). For example, the pleiotropic a1 mutant altered root
skewing angle, shorter roots, and shorter etiolated hypocotyls when compared to wildtype.
For root angle assays, three d-old light-grown seedlings were transferred to either SM or
SM-NaCl and grown for an additional 7 d as described for the standardized root growth assay
(Chapter I.E.2). Root angle was measured as the degree that the root deviated from the gravity
vector as described previously (Chapter I.E.2). Wildtype and all of the A and C subunit mutants
grown in the light on SM slanted to the right when viewed from the back of the plate. Wildtype
roots slanted to the right with an average angle of 14.4°; Fig. 11A and 12A). As shown
previously (Chapter I), root angles of a1 and c4 mutants (1.2° and 9.5°, respectively) were
significantly less than wildtype when seedlings were grown on SM (Chapter I). Root angles of
c1 and c5 mutants (12.11° and 7.75°, respectively) were also significantly less than wildtype,
while the c2 mutant (20.9°) was significantly greater. In light-grown seedlings under salt stress,
root angles for all genotypes had negative values, indicating a leftward angle when viewed from
the back of the plate (Fig. 1B and 2B). Wildtype roots had a leftward slant (-8.6°) and all A
subunit mutants, as well as c2 (-12.5ˆ) and c4 mutants (-17°) were significantly different from
wildtype. We had previously described the sodium-induced root skewing phenotype for a1, c2
and c4 mutants (Chapter I).
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Figure 11. Single PP2A A and C subunit mutants root angle, root length, and hypocotyl
length phenotypes.
Using the standardized root growth assay, seedlings were transferred to SM (A and C) or SMNaCl (B and D) and grown for an additional 7 d at 25°C with 12 h photoperiod. A and B, root
angle was measured from the back of the plate with leftward growth indicated as negative
values. C and D, root length was measured from the transfer point to the root tip. E and F,
for hypocotyl length, seedlings grown in the dark for 7 d at 21°C on SM (E) or SM-sucrose
(F). Box plots were constructed with black dots are statistical outliers and red dots are the
sample mean. Significance from wildtype was determined with an Dunnett’s C from at least
two biological trails per genotype (total n is located in Supplemental Table 4) and indicated
with an asterisks.
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Figure 12. Single PP2A A and C subunit mutant root phenotypes.
The standardized root growth assay was performed on 3 d-old seedlings transferred to either
A) SM or B) SM-NaCl and grown for an additional 7 d.
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Root length was measured on the same seedlings used for the root angle assay. Root
length was measured as described in Chapter I.C.5. Without salt stress, wildtype root length
averaged 3.82 cm. Roots of c1 mutants were significantly longer than wildtype (4.31 cm; Fig.
11C and 12A) while roots of a1, a2, a3, and c5 mutants were significantly shorter than wildtype.
On SM-NaCl, wildtype root length was 3.7 cm and not different from the c1, c2, and c3 mutants,
while a1, a2, a3, c4 and c5 mutant roots were significantly shorter than wildtype (Fig. 11D and
12B).
Hypocotyl length, with and without sucrose supplementation of the SM, was analyzed for
dark-grown seedlings. On SM, hypocotyl length of wildtype seedlings was 1.7 cm and on SMsucrose, hypocotyl length was 2.1 cm. Under both growth conditions, the hypocotyls of all
PP2A mutants were significantly shorter than wildtype (Fig. 11E-F and 13).
In summary, a1 mutant had the expected defects in the phenotypes chosen and was the
only PP2A A and C subunit mutant to have defects in all six conditions tested. We also
identified previously undescribed phenotypes for the other A and C subunits. The subunit with
the least number of defective phenotypes was c3 and these mutants had shortened hypocotyls.

II.C.2. Generation of PP2A Genetic Interaction Maps
Functional relationships between genes can be determined by comparing the
phenotypes of two single mutants with the corresponding double mutant. From our existing
collection of A subunit and C subunit mutants, a total of 20 double mutants was generated that
included A to A, C to C, and A to C combinations. Root length and root angle were measured
from light grown seedlings grown in the light under NaCl stressed and non-stressed conditions
(Fig. 14). Hypocotyl length was measured from dark-grown seedling grown on SM or SMsucrose. Data were pooled by each treatment of a phenotype which created six data sets. To
determine the appropriate statistical analysis, normality and sample size were calculated. Most
data sets failed normality (Supplemental Fig. 12 and Supplemental Table 3) and all data sets
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Figure 13. Etiolated hypocotyl assay of PP2A A and C subunit mutants.
After placing seeds on the growth medium, plates were given a 6 h light treatment at 25˚C.
Seedlings were grown in the dark at 21°C for 7 d on A) SM or B) SM-sucrose.
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Figure 14. Determining genetic interaction inequalities and modes.
Root angle, root length, and hypocotyl length were measured as indicated using ImageJ and
significant differences were determined with an Dunnett’s C test. Significance information
was extracted for the desired genotypes and used in determining the genetic interaction
inequality. Genetic interaction inequalities were classified into genetic interaction modes
based on Drees et al. (2005).
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failed equal sample size (Supplemental Table 4), thus a Dunnett’s C was used for statistical
analysis (Shingala and Rajyaguru, 2015). The statistical significance of the wildtype, single
mutants, and corresponding double mutant seedlings was extracted from the pooled data sets
(Supplemental Fig. 13 to 18) and represented as a genetic interaction inequality (Supplemental
Table 5). In Fig. 14, the example for root angle is classified as an additive genetic interaction
mode. Nine genetic interaction modes encompassing 28 genetic interaction inequalities were
found in this study (Table 2 and Fig. 15). Genetic interaction inequalities and corresponding
genetic interaction modes found in this study are in Table 2 while the comprehensive list is in
Drees et al. (2005). A and C subunits are the nodes and the color of the edges indicate the
interaction mode type and arrow heads show the direction of the asymmetry (Fig. 15).
A genetic interaction network was generated for each phenotype per condition resulting
in 15 to 20 connecting nodes in each network. In total, 109 genetic interactions were described
(Supplemental Table 5). The most common genetic interaction inequalities were noninteractive
(WT = Y = Z = YZ) and additive (WT > Z > Y > YZ), which represented 15% and 11%,
respectively, of all interactions. The most common interaction mode was non-interactive,
followed by additive and epistatic. The least common interaction types were synthetic and
double non-monotonic. Also, with any epistatic interaction between A1 and C subunits, A1 was
epistaitic to the C subunits while the C subunits were hypostatic to A2 and A3 in any epistatic
interaction. Even though our data set is substantially smaller than the one used by Drees et al.
(2005), the most common and least common interaction mode types identified in this study were
the same as those identified by Drees et al. (2005).

II.C.3. Genetic Interaction Network for Root Angle in Non-Salt-Stressed Conditions
The functional relationship between PP2A A and C subunits was analyzed focusing on
the root angle phenotype of seedlings grown on SM (Supplemental Fig. 13 and 19). In the
following paragraphs the interaction type is stated followed by the evidence. The genetic
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Table 2. Subset of the 75 genetic-interaction inequalities described in Drees et al., 2005
that are found in this research.

Genetic interaction mode
noninteractive

synthetic
asynthetic
suppressive
epistatic

conditional

additive

single-nonmonotonic

double-nonmonotonic

Genetic interaction
inequalities
WT = Y = Z = YZ
WT = Y > Z = YZ
WT = Z > Y = YZ
WT = Y = Z > YZ
WT > Y = Z = YZ
Y > WT = Z = YZ
Z > WT = Y = YZ
WT > Z > Y = YZ
Z > WT > Y = YZ
WT > Y = YZ > Z
WT > Z = YZ > Y
Z = YZ > WT > Y
WT > Y > Z = YZ
WT = Y > Z > YZ
WT = Z > YZ > Y
Z > YZ > WT = Y
WT = Z > Y > YZ
YZ > Y > WT = Z
Z > WT > YZ > Y
Z > WT = YZ > Y
WT > Z > Y > YZ
WT > Y = Z > YZ
WT > Y > Z > YZ
Y > WT > Z > YZ
WT > Y > YZ > Z
WT > Z > YZ > Y
WT = YZ > Y = Z
WT = YZ > Z > Y
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Asymmetry

Y→Z
Y←Z
Y→Z
Y→Z
Y→Z
Y←Z
Y←Z
Y←Z
Y←Z
Y→Z
Y←Z
Y→Z
Y→Z

Y→Z
Y→Z
Y←Z

Figure 15. Summary of genetic interaction modes determined for PP2A A and C
subunits for three phenotypes under two conditions.
A and C subunits are the nodes, edge color indicates the type of interaction mode, and
arrowheads show asymmetries. Detailed descriptions of interaction modes are in Table 2
and genetic interaction inequalities for each PP2A interaction are in Supplemental Table 5.
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interaction of the C1 and C2 with A subunits were analyzed. A1 interacted additively with C1
and C2. C1 did not functionally interact with A2 or A3 and C2 interacted conditionally with A2.
On SM, wildtype roots skewed rightward and the a1 mutant roots skewed less right compared to
wildtype. The c1 mutant roots skewed less right compared to wildtype whereas c2 mutant roots
skewed more rightward than wildtype (Fig. 16 and 17). The interactions between the c1 and c2
subunit mutants with a1 were examined. The a1xc1 and a1xc2 mutant seedlings roots
undulated and often skewed in a non-consistent direction and the root growth direction of a1xc2
mutants were more severe compared to a1xc1.
C5 was epistatic to A1 and suppressed by A2 and A3. The c5 mutant root skewing on
SM was significantly less that of wildtype and the a1xc5 double mutant was statistically the
same as a1. The c5xa2 and c5xa3 double mutant roots skewed more to the right than c5.
A1 interaction with Class II/Clade B C subunits were examined. A1 and C3 interacted
conditionally but A1 and C4 interacted additively. Both a1 and c3 mutant roots skewed right but
the roots of the a1xc3 double mutant roots skewed left on SM. Similarly, c4 mutants skewed to
the right and a1xc4 double mutant roots skewed to the left. Even though both double mutants
had leftward skewing roots, skewing from the a1xc3 double mutant was more severe than from
a1xc4.
C2 interacts single-nonmonotonically to C4. The c2 and c4 subunit mutants skewed in
opposite directions compared to wildtype (Fig. 16 and 17). The c2xc4 double mutants roots
exhibited large undulations and curled or skewed in different directions. Thus, the c2xc4 double
mutant root angle phenotype was a different root phenotype as compared to the c2 and c4 root
skewing. Our current method of measuring root growth direction was not appropriate for this
type of root growth and root angle of the c2xc4 double mutant was not measured.
In regard to root angle on SM, the a1xc1 double mutant was visually similar to a1xc2
(Fig. 16). We examined whether the c1xc4 root phenotype might be similar to the c2xc4
undulating root phenotype. However, the c1xc4 double mutant did not show the extreme
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Figure 16. Root phenotype of a subset of PP2A A and C single and double mutants.
The standardized root growth assay was performed on 3 d-old seedlings transferred to either
SM or SM-NaCl (grey background) and grown for 7 d before photographing. Single a1, c1,
c2, and c4 mutants and the corresponding double mutants were imaged. Double mutant
assays are within the black rectangle. Double mutants grown on SM are in the upper right of
the rectangle, while double mutants grown on SM-NaCl are in the lower left.
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Figure 17. Genetic interaction map derived from measurements of root length and root
angle.
The standardized root growth assay was performed on 3 d-old a1, c1, c2 and c4 mutants and
the corresponding double mutants seedlings transferred to either SM (A and C) or SM-NaCl
(B and D). After 7 d, the root angle (A and B) and length (C and D) of seedlings were
measured. Box plots were constructed with black dots are statistical outliers and red dots are
the sample mean. Significance from wildtype was determined with an Dunnett’s C from at
least two biological trails per genotype (total n is located in Supplemental Table 4) and
indicated with an asterisks. E, genetic interaction map. Detailed descriptions of interaction
modes is in Table 2 and genetic interaction inequalities for each PP2A interaction are in
Supplemental Table 5.
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variation in root growth direction that was observed for c2xc4. Based on these observations, I
concluded that the root phenotype observed for c1 occurred specifically in the a1 mutant
background.
The C1, C2, and C3 subunits can be arranged linearly where C3 suppresses C2 and C2
suppresses C1. C1 does not functionally interact with C3. The c3 and c1 mutant roots skewed
less right compared to c2 mutant roots. The double c1xc2 mutant roots skewed like c2 roots
while the c2xc3 double mutant roots skewed like the c3 mutant roots.

II.C.4. Genetic Interaction Network for Root Angle in Salt-Stressed Conditions
The functional relationship between PP2A A and C subunits was analyzed focusing on
the root angle phenotype of seedlings grown on SM-NaCl (Supplemental Fig. 14 and 20). Root
angles greater than 140° were considered curling and less than or equal to were classified as
skewing. In the following paragraphs the interaction type is stated followed by the evidence.
C1 interacted conditionally with A1 and was noninteractive with A2, A3, and C2. C2 was
additive to A2 and epistatic to A2. On SM-NaCl, wildtype roots skewed to the left. Roots of the
a1 mutant skewed (42%) and curled (58%) strongly to the left, as previously described in
Chapter I. The c1 mutant root skewing was statistically the same as wildtype (Fig. 16 and 17).
All a1xc1 double mutant roots curled and roots with two complete curls (double curling) were
often observed. The c1 mutant root skewing phenotype was only observed in the a1 genetic
background. The c2 subunit mutant was previously identified in Chapter I as a NaCl-induced
root skewer. Like the a1xc1 double mutant, a1xc2 double mutant exhibited double curling and
all seedlings curled. The a2xc2 double mutant root angle was statistically the same as c2
mutant root angle.
C4 was epistatic to A2 but hypostatic to A2 and A3. Like the a1 and c2 mutants, the c4
mutants were previously identified in Chapter I as a NaCl-induced root skewers. The a1xc4
double mutant root angle was statistically the same as a1 mutant root angle (Fig. 16 and 17).
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Both a2xc4 and a3xc4 double mutants root angles were statistically the same as the root angle
for c4.
Next, we investigated whether C1 and C2 interacted with C4 in a similar fashion to A1
(Fig. 16 and 17). Both c1xc4 and c2xc4 double mutant root skewing increased compared to c4
mutant and both double mutants had statistically the same root angle as a1. Like A1, C4
interacts conditionally with C1 and additively with C2. C3, the most similar C subunit to C4, was
noninteractive with all A and C subunits tested indicating that C3 was not involved in this
phenotype.
C5 does not functionally interact with A1 and A2 but interacted with A3 conditionally.
The c5 mutant root skewing on SM-NaCl was the same as wildtype. The root of a3xc5 double
mutants skews more than roots of the a3 single mutant.

II.C.5. Defective Gravitropic Response Enhances Root Angle Response to NaCl
The double mutants with large undulations curled or skewed in different directions when
grown on SM also had a strong root angle response to NaCl. I hypothesized that the a1xc2,
a1xc1, and c2xc4 root phenotype was due to a defect in gravitropism. Double mutants a1xc4
and c1xc4 were also tested even though these mutants did not display an obvious gravitropic
defect. To test the double mutant’s response to gravity, seedlings were gravistimulated by
rotating the plates 90° counterclockwise or clockwise. After 24 hr of growth, the angle of the
root tip from the starting position was measured and the measurements were binned in 30°
increments (Fig. 18). As expected, the roots of wildtype seedlings were positively gravitropic in
both counterclockwise or clockwise. The c2 and c1 mutant roots displayed a gravitropic
response like wildtype while the a1 and c4 mutants were different. As expected, the a1xc2,
a1xc1, and c2xc4 mutants roots showed an altered root bending response. The c1xc4 also
showed an altered response to gravity while a1xc4 responded like wildtype. Thus, when C1 or
C2 were in the background of either C4 or A1, the resulting double mutants with C1 or C2 had a
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Figure 18. Response of PP2A single and double mutants to gravity reorientation.
Three d-old seedlings were transferred to SM and grown for 24 h at 25°C with a 12 h
photoperiod. Plates were reoriented A) 90° counter-clockwise or B) clockwise as viewed from
the back of the plate. After 24 h, the root angle relative to the original gravity vector was
measured and measurements were combined in 30° bins and graphed as percentages. Root
angles measurements greater than 150° were binned together.

76

defect in their root response to gravity. This result indicates that C1 and C2 regulate different
biological processes than C4 and A1, but defects in both biological processes results in an
altered response to gravity.

II.C.6. Genetic Interaction Network for Root Length in Non-Salt-Stressed Conditions
Functional interactions of the PP2A A and C subunits were examined in regard to root
length of seedlings grown on SM (Supplemental Fig. 15 and 19). In the following paragraphs
the interaction type is stated followed by the evidence.
C1 was hypostatic to A1, additive to A2, and epistatic to A3. On SM, wildtype root length
average was 3.82 cm while the c1 mutant roots were longer than wildtype. a1, a2, and a3 were
shorter than wildtype. The double mutant a1xc1 was statistically the same as a1. a2xc2 mutant
root length was indistinguishable from wildtype. a3xc1 double mutant roots were longer than
wildtype and statistically the same as c1 mutant roots.
C5, A2, and A3 all interacted asynthetically with each other while C5 interacted
additively with A2. Root length of a2, a3, c5, a2xa3, a2xc5, and a3xc5 mutants were
indistinguishable and significantly shorter than wildtype root length. a1xc5 double mutant roots
were shorter than c5 and a1.
Except for the A1-C3 interaction, C2, C3, and C4 did not genetically interact with the A
subunits. The A1-C3 interaction was conditional while C4 interacted synthetically with C2 and
was suppressive to C1. The c2, c3, and c4 mutant root length was the same as wildtype. a1xc3
double mutant roots were shorter than wildtype but longer than a1. c1xc4 double mutant roots
were the same length as wildtype and c4 indicating that the longer root length of c1 mutants.
Compared to the single c2 and c4 subunit mutants, the double c2xc4 mutant has a severe
reduction in root length (2.0 cm).
Based on published phenotypes, we could infer the genetic interaction mode for C3-C4,
A1-A2, and A1-A3 for root length in a non-stress growth condition. It was not possible to
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determine root angle or changes in root length to NaCl stress because these doubles exhibit
severe root defects on normal conditions. The c3xc4 double mutant was previously reported to
have severely stunted roots and shoots (Ballesteros et al., 2013), thus we inferred that the
genetic interaction inequality was C3 = C4 = WT > C3xC4 and that C3 and C4 have a synthetic
interaction. When combined with the data from C2-C4 interaction, these results indicated that
C4 performs genetic buffering for C2 and C3 subunits. The a1xc2 and a1xa3 double mutants
were reported to have severely stunted roots (Zhou et al., 2004). The genetic inequality inferred
was WT > A2 > A1 > A1xA2 and WT > A3 = A1 > A1xA3 indicating that both A2 and A3
interacted additively with A1.

II.C.7. Genetic Interaction Network for Root Length in Salt-Stressed Conditions
Functional interactions of the PP2A A and C subunits were examined in regard to root
length of seedlings grown on SM-NaCl (Supplemental Fig. 16 and 20). In the following
paragraphs the interaction type is stated followed by the evidence.
A1 interacted additively to C4 and C5 and conditionally to C1, C2, and C3. As reported
in Chapter I, a1 mutant roots were statistically shorter than wildtype when grown on SM-NaCl.
Single c1, c2 and c3 mutants root lengths were the same as wildtype and c4 and c5 mutant
roots were shorter than wildtype. Roots of double a1 to C subunit mutants were all shorter than
a1 roots.
C1 did not functionally interact with A2 and was suppressive to A3 while A2 was
suppressed by C2. The a2 and a3 mutant roots were shorter than wildtype. Wildtype and c1
mutant roots were the same as a3xc1 mutant roots. The a2xc2 mutant root length is the same
as wildtype and c2.
C4 interacted additively with A2 and A3 subunits and conditionally with C2. The a2xc4
and a3xc4 roots are statistically shorter than wildtype and the single A and C subunit mutants.
The c2xc4 double mutant root length is also severely reduced when grown on SM-NaCl. Since
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the c2 single mutant root length is the same as wildtype and c4 single mutant root length is
statistically shorter.
C5 had an asynthetic interaction with A2 and additive interaction with A3. A2 and A3
interacted asynthetically. The a2, c5, and a2xc5 mutant root lengths were indistinguishable and
shorter than wildtype. The a3xc5 mutant roots were significantly shorter than c5 mutant roots
and wildtype. Single and double a2 and a3 mutant roots were statistically the same and the
roots were significantly shorter than wildtype.

II.C.8. Genetic Interaction Network for Hypocotyl Length Phenotype of Dark Grown
Seedlings on SM
Functional interactions of the PP2A A and C subunits were examined in regard to
hypocotyl length of dark grown seedlings on SM (Supplemental Fig. 17 and 21). In the following
paragraphs the interaction type is stated followed by the evidence.
C1 interactions to A1 and A2 were epistatic while double-nonmonotonic with A3 subunit.
The hypocotyls of all PP2A single mutants grown on SM were significantly shorter than wildtype.
The a1 mutant hypocotyl was significantly shorter than c1 and the double a1xc1 mutant
hypocotyl was the same length as a1. The a2xc1 double mutant hypocotyl was the same length
as the c1 mutant hypocotyl. The lengths of a3 and c1 mutants hypocotyls were the same and
the a3xc1 double mutant hypocotyl is the same length as the wildtype.
C2, C3, and C4 genetic interactions with A1 are single-nonmonotonic. The a1xc2,
a1xc3, and a1xc4 double mutants hypocotyl lengths are shorter than the single C subunit
mutant and longer than the a1 mutant hypocotyl. This indicates that these subunits exhibit
positive and negative regulation of hypocotyl length.
A2 genetic interaction with C2 and C3 was double-nonmonotonic while asynthetic with
C4. A3 interacted epistatically with A3 and asynthetically with C4. The a2xc2 and a2xc3 double
mutants hypocotyl lengths were the same as wildtype while the single mutants were shorter
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than wildtype. The double a3xc3 hypocotyl length was the same length as c3 mutant hypocotyl
and the hypocotyl length of the c3 mutant was shorter than a3. The a2xc4 and a3xc4 double
mutant had the same hypocotyl length as both single mutants.
C5 interacted additively with A1, asynthetic with A2, and epistatic to A3. The a1xc5
double mutant hypocotyl length was significantly shorter than the a1 mutant and a1 mutant was
significantly shorter than c5 mutant. The hypocotyl lengths for a2, c5, and a2xc5 were the same.
a3 mutant hypocotyls were longer than c5 and the a3xc5 hypocotyls were the same length as
c5.
Both A2 and A3 interacted with A1 additively and a double-nonmonotonic interaction
with each other. The a2xa3 double mutant hypocotyl was the same length as wildtype and a2
and a3 were statistically shorter from wildtype. The hypocotyl lengths of a1xa2 and a1xa3
double mutants were severely stunted (Zhou et al., 2004), thus we inferred that the genetic
inequality for A1 to A2 was WT > A2 > A1 > A1xA2 and A1 to A3 was WT > A3 > A1 > A1xA3.

II.C.9. Genetic Interaction Network for Hypocotyl Length Phenotype of Dark Grown
Seedlings on SM-sucrose
Functional interactions of the PP2A A and C subunits were examined in regard to
hypocotyl length of dark grown seedlings on SM with an exogenous carbon source in the form
of sucrose (Supplemental Fig. 18 and 22). In the following paragraphs the interaction type is
stated followed by the evidence.
A1 interaction with C1, C2, C4 and C5 was additive and epistatic with C3. All PP2A
single mutants were significantly shorter than wildtype. The hypocotyls of a1 double mutants
with c1, c2, c4, and c5 were significantly shorter than a1. The a1xc5 double mutants had the
shortest hypocotyls of any of the double mutants tested. The a1xc3 double mutant hypocotyl
length was the same length as a1.
A2 had an epistatic interaction with C2, C3 and C4 and a single-nonmonotonic
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interaction with C5. The a2xc1 hypocotyl length was shorter than a2 and c1, thus these
subunits interact additively. The double mutants a2xc2, a2xc3, a2xc4 hypocotyl length was the
same as their respective C subunit mutant. The a2xc5 double mutant hypocotyl was
significantly shorter than a2 but longer than c5 single mutant.
A3 interactions with C1 was asynthetic, C3 was single-nonmonotonic, while C4, C5, and
A2 were epistatic. Double mutant a3xc1 hypocotyl length was statistically the same as the
hypocotyl length of the single a3 and c1 mutants. The a3xc3 was statistically shorter than c3 but
longer than a3. The a3xc4 and a3xc5 hypocotyls were the same length as their respective
single C subunit mutant. The double a2xa3 was statistically the same as a2 but longer than a3.

II.C.10. Comparing Phenotypes on Different Conditions
After describing the genetic interaction network separately per phenotype per condition, I
next asked how the network changed when seedlings were grown on a basal medium like SM
compared to SM supplemented with salt or with sucrose as an exogenous carbon source (Fig.
19). 52 interactions were present on both conditions for all phenotypes. Most of the interactions
(77%) differed depending on the growth condition. All A and C subunits interactions with the C2
or C4 subunits showed a change in interaction type on different conditions. For the interactions
that did not change, 6 out of the 12 remained noninteractive. This indicated that these
interactions were not involved in the phenotype and stress did not induce a change in the type
of interaction between these subunits.

II.C.11. Root Angle of Seedlings Grown on SM and SM-NaCl
For root angle phenotype, there were five instances of noninteractive mode not changing
in response to salt stress which were C1-C3 or to C1-A2, C3-A3, C3-A2 and C3-A3 (Fig. 19).
Thus, these interactions are not involved in the root angle phenotype. Noninteractive mode was
the only interaction type that was independent of condition. C4-A1 switched from additive on SM
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Figure 19. Summary of genetic interaction modes detected in this study.
For each interaction, the corresponding interaction mode for each phenotype per condition is
indicated. Asymmetries are not included in this summary.
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to epistatic on SM-NaCl, which was a change from interacting in separate genetic networks to
interacting in the same genetic network. A2-C4 or A3-C4 also changed from noninteractive on
SM to epistatic on SM-NaCl. A2-C2 also changed from conditional interaction on SM to epistatic
interaction on SM-NaCl. The change from separate to same genetic interaction network
correlates with growth on NaCl medium. There was one instance, root angle phenotype of A1C5, which the opposite effect was seen where the stress changed the interaction from the same
interaction network on SM to separate interaction networks on SM-NaCl.
For root angle on SM, a1xc3 skewed to the left (Supplemental Fig. 13 and 14). An
increase in root skewing would be expected if the root skewing on SM was in a separate
pathway from root skewing on SM-NaCl. Instead, the a1xc3 double mutant roots were
statistically similar to a1 (Supplemental Fig. 14) on SM-NaCl, indicating that the pathway that
was involved with a1xc3 root skewing on SM was masked by a1xc3 root skewing on SM-NaCl.

II.C.12. Root Length of Seedlings Grown on SM and SM-NaCl
The root length of seedlings grown on SM and SM-NaCl was compared. For most
genotypes, root length decreased in response to NaCl stress. On SM, the root length of c2, c3
and c4 mutants are similar to wildtype and C4 interacts synthetically with C2 and C3. When
exposed to salt c4 mutant roots decrease in length, thus the C4 subunit has new regulatory
functions that are not compensated for by C2 and C3 (Table 3). The separate functions of C2,
C3 and C4 are observed in the different genetic interactions with the A subunits. The c2xc4
double mutant are the most sensitive to salt stress and this mutant has the most decrease in
root length. Indicating that C2 and C4 are regulating separate genetic networks that regulate
root length when exposed to NaCl. C5 interaction with the A1 and A3 was unchanged on the
two conditions tested. Indicating that the interaction was not influenced by salt stress.
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Table 3. Average seedling root lengths of PP2A mutants on SM and SM-NaCl.
Three d-old seedlings were transferred to SM or SM-NaCl and grown for an additional 7 d.
Mean and ±SE seedling root length and standard error are reported. Percent change of root
length of SM-NaCl from MS are shown, positive values indicates an increase in root length and
negative values indicate a decrease in root length.

SM
genotype
wildtype
a1
a2
a3
c1
c2
c3
c4
c5
a1xc1
a1xc2
a1xc3
a1xc4
a1xc5
a2xc1
a2xc2
a2xc3
a2xc4
a2xc5
a3xc1
a3xc3
a3xc4
a3xc5
a2xa3
c1xc4
c2xc4

mean
(cm)
3.8
3.1
3.4
3.3
4.3
4.1
3.9
3.9
3.3
3.3
3.0
3.5
3.2
2.6
3.9
3.7
3.4
3.5
3.3
4.3
3.2
3.0
2.9
3.4
3.7
2.0

± SE
0.0
0.0
0.0
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1
0.1

SM-NaCl
mean
(cm)
± SE
3.7
0.0
2.1
0.0
3.3
0.0
3.1
0.0
3.9
0.1
3.8
0.1
3.6
0.1
2.9
0.1
3.0
0.1
1.8
0.1
1.7
0.1
1.8
0.1
1.8
0.1
1.7
0.1
3.6
0.1
3.8
0.1
2.8
0.1
2.4
0.1
2.9
0.1
3.8
0.1
2.9
0.1
2.4
0.1
2.4
0.1
2.9
0.1
2.6
0.1
0.9
0.1
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% decrease on
SM-NaCl
3.4
32.1
4.9
5.0
8.4
6.1
9.9
25.7
10.5
46.7
44.5
49.7
43.7
32.8
8.4
-2.4
15.7
30.7
13.5
11.7
9.9
19.6
15.8
13.4
30.4
56.4

II.C.13. Hypocotyl Length of Seedlings Grown on SM vs SM-sucrose
Sucrose was added to medium for dark grown seedlings to provide an external carbon source.
Supplemental sucrose usually has a stimulatory effect on plant growth (Cassin-Ross and Hu,
2014). As expected, wildtype hypocotyls grew 18.2% longer on SM-sucrose compared to SM
(Table 4). The hypocotyl length increase of most PP2A mutants on SM-sucrose was
comparable or less than that of wildtype. The a1xc5 hypocotyls grew 22.3% shorter on SMsucrose compared to SM. Being grown on SM-sucrose increased a2 mutant hypocotyl length
by 24.6%, but the length of a2 was still statistically shorter than wildtype. This result indicates
that the a2 single mutant might have a weak sucrose-dependent phenotype.

II.C.14. Mutual Information
Mutual information is a measure of the dependence of two random factors and allows us
to investigate whether two subunits have interactions that correlate or relate with another
subunit. Subunits that are randomly associated would have mutual information score of zero
while subunits that are correlated have higher mutual information. Mutual information was
calculated for each pair of mutants with interactions across the six genetic interaction networks
generated. To determine if the calculated mutual information was significant, randomized
networks were generated and mutual information was calculated for each network. Three
subunit pairs (A1 to A2, A2 to A3, and C3 to C4) resulted in significant mutual information (Table
4). For the root phenotypes, C subunits are often noninteractive with A2 or A3 but have a
different interaction type with A1 (Fig. 20). With hypocotyl length, if A1 interacts with a C
subunit with one interaction, the other A subunits usually have a different interaction type. C3
and C4 also have similar interactions with A subunits.
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Table 4. Average seedling hypocotyl lengths of PP2A mutants on SM and SM-sucrose.
Seeds were directly sown on SM or SM-sucrose and, after a brief light treatment, were grown in
the dark for 7 d. Mean and ±SE seedling hypocotyl length and standard error are reported.
Percent change of hypocotyl length of SM-sucrose from MS are shown, positive values
indicates an increase in hypocotyl length and negative values indicate a decrease in length.

genotype
wildtype
a1
a2
a3
c1
c2
c3
c4
c5
a1xc1
a1xc2
a1xc3
a1xc4
a1xc5
a2xc1
a2xc2
a2xc3
a2xc4
a2xc5
a3xc1
a3xc3
a3xc4
a3xc5
a2xa3

SM
mean
(cm)
1.74
1.20
1.44
1.53
1.51
1.62
1.65
1.46
1.39
1.17
1.26
1.36
1.33
0.95
1.49
1.73
1.81
1.42
1.42
1.72
1.67
1.43
1.31
1.76

± SE
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.01
0.01
0.01
0.02
0.02
0.01
0.01
0.01
0.03
0.02
0.02

SM-sucrose
mean
(cm)
± SE
2.13
0.01
1.45
0.01
1.91
0.01
1.85
0.01
1.90
0.01
1.82
0.02
2.03
0.01
1.63
0.01
1.42
0.02
1.34
0.01
1.27
0.01
1.43
0.01
1.35
0.01
0.77
0.02
1.81
0.01
1.78
0.01
2.05
0.02
1.61
0.02
1.58
0.02
1.93
0.02
1.93
0.02
1.64
0.02
1.51
0.02
1.91
0.01
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% increase on
SM-Sucrose
18.2
16.8
24.6
17.1
20.4
11.0
18.5
10.8
2.2
13.1
0.6
4.8
1.3
-22.3
17.3
2.9
11.6
11.9
10.0
10.8
13.8
12.8
13.4
8.1

Figure 20. Genetic interaction maps of pairs with significant mutual information.
Maps are separated by phenotype and Key is in Table 2.
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II.C.15. Other Phenotypes
II.C.15.i. c2xc4 Shoot Phenotype
The shoot features for c2 and c4 mutants were similar to wildtype but the c2xc4 double
mutant plants exhibited a noticeably compressed leaf phenotype. The rosettes of the 4 to 6
weeks-old c2xc4 double mutants were smaller than wildtype and the leaves were thicker and
curly (Fig. 21A and B). Bolting occurred later than wildtype in these double mutants and flowers
were like wildtype (Fig. 21C). The bolts of the c2xc4 double mutant were shortened and
produced viable seeds (data not shown).

II.C.15.ii. c5 Mutant Elongated Petiole Phenotype on SM-Sucrose
The c5 mutants, no matter the genetic background, exhibited elongated petioles when
grown on SM-sucrose (Fig. 3 and Supplemental Fig. 21 and 22). The elongated petiole
phenotype was not observed in any other single or double mutant tested.
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Figure 21. Shoot and inflorescence phenotype of c2xc4 double mutants.
Plants were grown in soil-less mix at 21°C with an 18 h photoperiod for 4 to 6 weeks. A)
Phenotypes of wildtype, single mutants and c2xc4 double mutant plants; B) representative 6
week-old c2xc4 double mutant plants; C) inflorescence of c2xc4 double mutant plant.
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II.D. Discussion
In addition to environmental effects, phenotypes are determined by the complex
interaction between genes. The genetic interaction landscape can be determined by comparing
the quantifiable phenotypic trait of the wildtype and single mutants to the double mutant. In this
work, we classified the genetic interaction of the PP2A scaffolding A subunit and catalytic C
subunit that occur in the three phenotypes exposed to two conditions. The A and C subunits are
pleiotropic and previously unknown functions were described for multiple subunits. The overall
genetic interaction networks were unique for each phenotype. In regards to root angle, the
dissection of the A and C subunit interaction indicated that multiple biological pathways are
involved in mediating root skewing. For root length, genetic buffering (functional redundancy)
was observed for C4 to C2 and C3 when seedlings were grown on a non-stress environment.
The network for length of dark grown hypocotyls gave a network that was rich in rare interaction
types indicating that PP2A is involved in complex regulation of biological pathways.

II.D.1. Relating Physical and Genetic Interaction of A1 and C4 Subunits
We previously demonstrated that C4 and A1 subunits physically associate in plant root
tips in non-stress and salt-stress environment (Chapter I.C.8.). Here, we described the genetic
interaction of A1 and C4 with two root phenotypes – angle and length – of seedlings grown
under a non-stress and salt stress environment. For root length from seedlings grown on SM or
SM-NaCl, the interaction of the A1 and C4 subunits either did not contribute to the phenotype or
these subunits functioned in separate genetic interaction networks. The A1 and C4 genetic
interaction for root angle of seedlings grown on SM was additive thus indicating that these
subunits function in separate genetic interaction networks. Even though physical association of
A1-C4 was detected in root tips of seedlings grown on SM, we found no genetic interaction that
would indicate that A1 and C4 interact to regulate the same biological network from the two
phenotypic conditions described above. This indicates that the A1-C4 complex detected could
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be regulating another root phenotype that was not included in our study. For root angle of
seedlings grown on SM-NaCl, A1 is epistatic to C4 indicating that these subunits function in the
same network. In this case the genetic interaction data correlates with the physical interaction
data further supporting that A1 and C4 function together in the same complex to regulate root
growth direction in response to NaCl.

II.D.2. Root Angle
Double mutants often have unexpected phenotypes, and this is the case for a1xc1
double mutant. The root angle of c1 single mutant is significantly less rightward compared to
wildtype when seedlings were grown on SM but not significantly different when seedlings were
grown on SM-NaCl. On SM, the a1xc1 double mutant roots had an altered gravitropic
response. The a1xc2 also displayed a similar altered gravitropic response to a1xc1 (Fig. 17). On
SM-NaCl, a1xc1 and a1xc2 double mutant roots showed a similar extreme curling response.
Thus, it is possible that C1 and C2 are in the same genetic interaction network. When
considering root angle of seedlings grown on SM, C2 suppresses C1, indicating that these
subunits are in the same genetic interaction network and that the information flows from the C2
to the C1 subunit. On SM-NaCl, C1 and C2 were non-interactive. The c1 displays root skewing
phenotype in the a1 mutant background, thus a triple a1xc1xc2 mutant would be needed to
determine if the C1 and C2 are in the same network when seedlings are exposed to NaCl
stress. C4 interactions with C1 and C2 are similar to the interactions seen with A1. Both c1xc4
and c2xc4 have an altered response to gravity, with c2xc4 being the most severe. It would
again be interesting to assay a triple c1xc2xc4 mutant to determine if the C1 and C2 are in the
same network in the c4 mutant background.
Taken together, C1 and C2 subunits from class I have different functions compared to
C3 and C4, and none of these subunits functionally interact with A1 in the same pathway to
regulate root growth direction on SM. C5, the most divergent C subunit, interacts epistatically
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with A1 and is suppressed by A2 and A3 indicating that these subunits function in the same
network.
Waadt et al. (2015) previously reported that any a1 and C subunit double mutants were
agravitropic. Our results agree that the a1xc1 and a1xc2 have an altered response to gravity.
a1xc3 and a1xc4 roots grow to the left on SM, and a1xc4 responds to gravity in a similar
manner to wildtype. Even though these double mutants have altered root growth in our growth
conditions, the underlying biological networks are different. Sodium-induced root skewing is not
the same mechanism as gravitropism, but altered gravitropic response enhances the root
skewing response. Other work indicates that the rearrangement of the cytoskeletal is potentially
the other mechanism involved in sodium-induced root skewing (Angelini, Thompson, and
Hrabak, unpublished).
The a1xc1, a1xc2, and c2xc4 double mutants showed an irregular root growth
phenotype when grown on normal medium and were defective in their response to
gravistimulation. The undulating root growth phenotype and altered gravitropic responses are
observed in roots of seedlings with deficient auxin distribution (Lewis et al., 2011; Peret et al.,
2012). PP2A has been previously reported to regulate auxin responses (Michniewicz et al.,
2007), thus responses to these hormones might be involved in the root phenotype observed. In
future experiments, these double mutants could be exposed to exogenous auxin and auxin
inhibitors and any changes to the undulating root growth phenotype analyzed. The distribution
of auxin in root tips could be examined with auxin specific reporters that include DR5rev::GFP,
DII-VENUS, and R2D2 (Friml et al., 2003; Brunoud et al., 2012; Liao et al., 2015).

II.D.3. Root Length
Focusing on the root length phenotype of seedlings grown on SM, C4 has redundant
functions with C2 and C3 which the other C subunits cannot compensate. The C3 and C4
subunit are in the same class/clade and would be expected to share similar functions. C4 and
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C2 are in separate classes/clades that separated during the emergence of land plants. Thus,
the shared functions are either ancient or evolved again after the Class I/Clade A and Class
II/Clade B separation. Considering that the other subunits can compensate for each other, it is
consistent that C2, C3, and C4 are noninteractive with the A subunits. A1-C3 interaction is
conditional indicating that, in the a1 mutant background, C3 subunit has specific functions in
addition to the redundant functions it shares with C4. Specificity of function of the C3 and C4
subunit can also been seen in the c2xc3 double mutant. Root length of c2xc3 double mutant is
not severely reduced or lacking as seen for c2xc4 or c3xc4 mutants (data not shown). Thus,
the functions that C4 shares with C2 and C3 are not completely redundant.
More specialized functions are seen with the C1 and C5 subunits. C1 is a negative
regulator of root length while C5 is a positive regulator. C1 is hypostatic to A1 and epistatic to
A3 indicating that these subunits are in the same genetic interaction network. C5, A2 and A3
form an asynthetic triangle thus these subunits are in the same genetic network. A3 is shared in
the C1 and C5 interaction network while A1 is more specific to C1 and A2 is specific to C5.
When considering the length phenotype under the NaCl stress condition, we see a switch from
a network with genetic buffering to one with more specialized functions. Most of the
noninteracting modes detected between the A subunits and C2, C3, and C4 changed to another
interacting mode in response to NaCl. The c4 single mutants have reduced length on NaCl
whereas the root length of c2 and c3 mutants were not affected. The c2xc4 mutant roots are
shorter on SM-NaCl as compared to SM. C4 is in a separate interaction network from C2 and A
subunits that regulate root growth on NaCl. A1 interaction with the C subunits is additive or
conditional, indicating that the A1 and C subunit are in a separate network that contributes to
root length under NaCl stress.

II.D.4. Hypocotyl Length
PP2A A and C subunits have shorter etiolated hypocotyls than wildtype indicating that all
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PP2A A and C subunits are involved in regulating hypocotyl elongation. Our results for a1 and
c5 mutants are consistent with previously published reports (Larsen and Cancel, 2003). In the
hypocotyl, C5 is involved in brassinosteroid responses while A1 is both a positive and negative
regulator of ethylene biosynthesis and regulates auxin transport (Zhou et al., 2004; Muday et al.,
2006; Skottke et al., 2011; Tang et al., 2011). Thus, our data agree with the expected additive
interaction and that C5 and A1 are in separate genetic networks. C5 does appear to be in the
same regulatory network as A2 and A3, and potentially A2 and A3 are involved in
brassinosteroid signaling.
A1 is epistatic to C1 indicating that they function in the same genetic network. It is
currently unknown if A1-C1 are regulating ethylene biosynthesis, auxin transport, or another
pathway that influences hypocotyl length. C1 is epistatic to A2 and A2 has an additive
interaction with A1. A1 and A2 are in separate genetic networks indicating that A2 is likely not
involved with ethylene biosynthesis. C1 is shared between two separate genetic networks and
could regulate ethylene biosynthesis with A1 and another biological pathway with A2. C4 is also
in the same genetic network as A2 and A3.
The A-C genetic interaction analysis of the hypocotyl phenotype from seedlings grown
on SM revealed a network rich with rare interaction types of single-nonmonotonic and double
nonmonotonic. An interpretation of single-monotonic was that both A and C subunits are
positive regulators for hypocotyl length and that the negative regulation from the A1 subunit was
compensated by other subunits. However, in the axc double mutant the loss of A1 cannot be
compensated for and results in an increase in length in the C subunit mutant background. For
the double monotonic interactions of A2-C2, A2-C3, A3-C1, and A2-A3, the double mutant is the
same length as wildtype. The single subunit mutants are positive regulators of root growth that,
when removed, returns the double mutant to the same length as wildtype. There is already
evidence that PP2A subunits are both positive and negative regulation of hormones responses
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and biogenesis (Skottke et al., 2011; Wang et al., 2016) so it is possible that PP2A fine tunes
hormone responses.
Besides the ethylene and brassinosteroid pathways already mentioned, other hormones
and biological processes influence the elongation of etiolated hypocotyls (Li and He, 2013;
Hayashi et al., 2014; Van de Poel et al., 2015; Chaiwanon et al., 2016; Franciosini et al., 2016).
PP2A has already been shown to regulate auxin and abscisic acid responses (Lillo et al., 2014)
and may regulate other hormones involved in hypocotyl elongation. Using various inhibitors can
help to further tweeze apart the function of these subunits. In addition, it is currently unknown
whether the C subunits participate in the same or different genetic networks, thus analyzing C-C
interactions is crucial.
The hypocotyl length of PP2A mutants from dark grown seedlings on SM-sucrose were
statistically shorter that wildtype. This result is similar to the findings on SM. On SM, a1xc5
double mutant hypocotyls were shorter than the corresponding single mutants. Hypocotyl
length was further diminished when seedlings were grown on SM-sucrose and the hypocotyls
were visually thicker. The a1xa2 and a1xa3 double mutants also exhibited stunted hypocotyls
that were further inhibited by the addition of sucrose (Zhou et al., 2004). The roots of a1xa2 and
a1xa3 were severely affected while the root length of a1xc5 appeared similar to wildtype. While
the effects of the a1xa2 and a1xa3 were more global, the a1xc5 phenotypes were more
apparent in the hypocotyl. A1 interacts additively with A2, A3, and C5 and is likely in separate
genetic network. A1 is also in a separate genetic network than C1, C2, and C4 but in the same
network as C3.
Many of the C subunit interactions to A2 and A3 were epistatic thus in the same genetic
network, whereas most of the interactions to A1 were additive. Indicating that A2 is in the same
genetic network as A3, C2, C3, and C4 and C3 is in the same pathway as C1, C4, and C5. It is
unclear whether the C subunits are in the same genetic network which can be determined by
analyzing C-C interactions.
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II.D.5. Sucrose-dependent Phenotype
Previous reports showed that mutants of PP2A B´θ have sucrose dependent phenotype
that is due to defects in beta-oxidation in the peroxisomes (Kataya et al., 2015). Sucrosedependent phenotypes are when the hypocotyl of a mutant grown on SM is shorter than
wildtype and the length is restored to wildtype length on sucrose. A2, C2, and C5 associate with
B´θ near peroxisomes and these subunits could form a complex to regulate beta-oxidation.
Knowing this, I hypothesized that I should be able to find the A and C subunit that associates
with the B’theta subunit. a2 mutants have a weak, possible sucrose-dependent phenotype. c2
and c5 mutants do not have a sucrose-dependent phenotype. a2xc5 hypocotyl length on SMsucrose suggests that A2 and C5 are in separate genetic interaction networks. The response of
a2xc2 double mutant to sucrose was similar to c2, indicating that C2 is epistatic to the weak,
sucrose-depending phenotype of a2. The genetic evidence presented here does not support
C2 and C5 involvement in beta-oxidation. One explanation is that there is functional
redundancy between C2 and C5 and the response of the c2xc5 double mutant should be tested.
The A and C subunits are pleiotropic and likely regulate overlapping pathways and this assay
did not reveal that function. Another assay that suggest a defect in beta-oxidation are
resistance to the auxin precursor 2,4-dichlorophenoxybutyric acid (Herzog et al., 2012). Lastly,
it is possible that B´θ subunit interacts with another molecular engine that regulates this
function.

II.D.6. Mutual Information
Significant mutual information was detected between A1 to A2, A1 to A3, and C3 to C4.
Most of the phosphatase activity is attributed to A1. When a1 is mutated, there is 40-60% less
phosphatase activity than wildtype (Deruere et al., 1999). However, the phosphatase activity
increased 10-20% of that of wildtype in mutant a2 and a3 seedlings. The networks presented
support different functions for the A subunits. The A2 and A3 subunits do have unique,
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nonoverlapping roles and further fine tune regulation of the different phenotypes used in this
study.
The C3 and C4 subunits are 98% identical at the amino acid level. The significant
mutual information detected for C3 and C4 was influenced by the buffering interactions for root
length on SM, consistently different responses for root angle on SM-NaCl, and the similar
interactions seen in hypocotyl length. These two subunits have both overlapping and unique
functions. Further experiments could create hybrid subunits focusing on the non-conserved
amino acids. For example, converting one or more of the amino acids in the C3 subunit to
those found in the same position of the C4 subunit and vice versa. One could also investigate
expression level and test whether the overexpression of a given C subunit can compensate for
the lack of another C subunit.

II.D.7. Elongated Cotyledon Petioles of Dark Grown c5 Mutants on Sucrosesupplemented Medium
When c5 mutant seedlings were grown in the dark on sucrose supplemented medium,
the cotyledon petioles were elongated. This phenotype has previously not been reported for
any PP2A mutants. In addition, petioles were elongated in any c5 to A subunit double mutant
and this phenotype was not observed with any other double mutant. Double a1xa2 and a1xa3
grown on media supplemented with sucrose does not show this phenotype (Zhou et al., 2004).
It is tempting to suggest that the A subunits are not involved with this phenotype which indicates
that c5 might form a complex with another protein to negatively regulate dark grown petioles. C5
is the most divergent C subunit and appears to have this specialized role.
Elongated cotyledonary petioles of dark grown seedlings has been observed for other
Arabidopsis mutants in a variety of biological responses. Mutants include HIGH SUGAR
RESPONSE8 (HSR8, AT1g30620) which is involved in arabinose synthesis (Li et al., 2007) , a
unique protein with a Symplekin tight-junction at the carboxy terminus (TANG1, At1g27595,
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(Zheng et al., 2015), ARP2/3 that is involved in actin polymerization, and atnap1 (Arabidopsis
Nap125-like protein; At2g35110) and atpir1 (Arabidopsis PIR121 like-protein; At5g18410) that
regulate the WASP/WAVE/SCAR family (Li et al., 2004). Increased cytokinin levels, either by
exogenous hormones (Chory et al., 1994) or increased expression of ARR1 (Kurepa et al.,
2014), have been shown to cause elongated cotyledonary petioles in the presence of sucrose.
Barrero et al. (2008) also showed that the ABA-deficient mutant aba1 has elongated
cotyledonary petioles and that treatment with fluridone, an ABA secretion inhibitor, phenocopies
this phenotype in wildtype plants. Thus, many biological pathways regulate the elongation of
cotyledon petioles and are likely candidates for PP2A regulation.
Since elongated cotyledon petioles is a novel phenotype for the c5 mutant, this
phenotype should be complemented to confirm that the phenotype is due to the c5 mutation and
not another aberration in the genome. Further characterization of the c5 cotyledon petiole
phenotype could include determining the response of c5 mutants to specific sugars at different
concentrations. Some of the mutants mentioned above also developed the first true leaves
even in the dark, thus the length of time that the seedlings are grown without light could be
increased while observing leaf development of the c5 mutants. Finally, the phenotype of c5
mutants could be assayed following treatment with exogenous fluridone, ABA, or cytokinin.

II.D.8. Characterization of c2xc4 Mutant Phenotype
The c2xc4 mutant plants had a compact appearance with many obvious developmental defects
(Fig. 21). It is unknown whether the compact appearance is due to decreased cell number or
decreased cell size, thus cell size and number in the roots and shoots should be measured.
The leaves also felt thicker compared to wildtype leaves, so leaf thickness should be measured.
c2xc4 mutants also displayed reduced silique size. Other phenotypes may be present as well,
so a detailed life cycle analysis of this mutant is warranted.
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II.D.9. Future Direction
II.D.9.i. Describing the Genetic Interactions Landscape
Salt stress is a common agricultural problem and contaminates approximately 20% of
the irrigated land (Qadir et al., 2014). Most common agricultural crops are sensitive to soil
salinity which, in turn, decreases plant productivity (Ayers and Westcot, 1985). Finding new
genes involved in salt stress responses and determining how those genes interact can help us
better understand what processes to target to develop plants that better adapted to saline
environments. Interaction data provides information about which genes are essential or
nonessential to a phenotype and identifies other genes that modify the phenotype. Using the
genetic interaction network approach can aid in better predicting the result of targeting a specific
gene when developing crops that are more salt tolerant.
In the network presented in this work, a total of 22 pairs of interactions between PP2A
scaffolding and catalytic subunits were analyzed. This is a very small number of pairs analyzed
compared to other data sets that typically have thousands to over a million genetic interactions
(Drees et al., 2005; Costanzo et al., 2016). Most of these previous genetic interaction studies
have been done in single-celled organisms such as yeast and bacteria, while fewer studies
have been performed on whole organisms like Caenorhabditis elegans and Drosophila
melanogaster. There has yet to be a large scale genetic interaction network analysis performed
in plants. However, the data generated from this current small-scale interaction network study
has provided a wealth of information into the function of PP2A and provides a pilot study for
larger experiments.
The genetic interaction data provides information about the interactions of PP2A
subunits in regard to specific phenotypes but does not put the PP2A interaction network in a
larger biological context. To achieve this goal, analysis of PP2A double mutants and mutants in
other biological processes or signaling proteins would be necessary. For example, to better
understand PP2A’s function in the root response to salt stress, genes involved in ABA
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response, cytoskeletal, auxin, or sodium transporters could be targeted. In addition, the largescale network analyses from yeast can suggest candidate genes that could be targeted in
plants.
Combinatorial mutants are needed for genetic interaction analysis. There are publicly
available T-DNA double mutants, such as GABI-DUPLO, available for purchase (Bolle et al.,
2013). Other resources include artificial microRNA (amiRNA) constructs that target single
Arabidopsis genes which are available at TAIR (see <amiRNA at TAIR.xls> at
ftp://ftp.arabidopsis.org/home/tair/ABRC/) or paralogs (Jover-Gil et al., 2014). In addition,
building a double mutant collection in Arabidopsis with CRISPR-Cas gene editing technology is
possible. Thus, there are readily available double mutant resources for this type of analysis.
Our approach in this study was to catalogue the genetic interactions that contribute to a
given phenotype using the definitions provided by Drees et al. (2005). Interaction types were
based on the phenotypic change of the double mutant compared to the background (wildtype
and single mutants). Drees et al. (2005) based their definitions on other classical genetic
interaction terminology, albeit with semantic differences. For example, the use of the term
epistasis by Drees et al. (2005) is similar to the definition from Bateson (1909) of one gene
“standing above” another gene. The Drees et al. (2005) approach described the type of
interactions observed and does not provide information about phenotypic strength and is only
one approach to analyze this type of data. Other approaches are based on “statistical epistasis”
as described by Fisher (1919) which modeled the response of the double mutant by adding the
effects of the two single mutants (Collins et al., 2006; Horn et al., 2011). The resulting
interaction scores will be either positive or negative depending upon whether the phenotype is
intensified or alleviated. It should be expected that use of an alternative approach will change
the types of inferences that can be drawn from the network (Mani et al., 2008).
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II.D.9.ii. Phenotype Discovery
Double mutants can reveal unexpected phenotypes. In this study, novel phenotypes were
described for some of the PP2A double mutants uncovering previously unknown roles for PP2A
in plants. Using PP2A A and C subunit double mutant combinations, new functions were
described for C1 and C3 subunits, whose single mutants did not show an obvious phenotype.
Future studies can use the PP2A single and double mutant collection in new assays to further
uncover novel PP2A functions.
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II.E. METHODS
II.E.1. Plant Materials and Growth Conditions
All plant lines were previously described in Chapter I. Homozygous mutants were
crossed by tapping the stamens of the male parent on the pistil of an emasculated female
parent plant. F1 seeds were harvested and sown to produce the F2 generation. F2 seedlings
were genotyped by PCR as described in Chapter I to identify homozygous double mutants.
a1xc4 and a2xa3 double mutants were developed previously (Chapter I; Zhou et al., 2004).
Seed sterilization, the standardized root growth assay, and the gravity reorientation
assay were described in Chapter I. Dark grown seedlings were grown on SM (Chapter I.E) or
SM supplemented with 1% [w:v] sucrose. After autoclaving, medium was solidified before use.
After melting in a microwave, molten medium (30 mL) was dispensed into 100 mm2 gridded
square dishes. Plates were dried in a laminar flow hood for 1.25 h with the plate lids partially
ajar. Sterile water was used to suspend sterilized seeds for transfer. A 1000 uL pipette tip
affixed with Parafilm to the bulb of a transfer pipette was used to sow seeds directly on medium.
Plates were sealed with breathable 3M Micropore surgical tape (Fisher Scientific) and placed in
the dark at 4˚C for 3 d. Plates were group in sets of 5 and exposed for 6 h to 25˚C with
fluorescent light at 100 µmol m-2 sec-1. After the light treatment, plates were oriented vertically in
an aluminum foil-lined box to create a dark environment and stored at 21˚C for 7 d.
All measurements were performed in ImageJ (Schneider et al., 2012). Root angle and
length measurements were done as described in Chapter I.E.2. Hypocotyl length was
measured from the root-shoot junction to the unopened cotyledons.

II.E.2. Genotyping
Plant tissues for genotyping were prepared as described in Chapter III. Primers are in
Table 5 and genotyped using standard procedures in Chapter I.
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Table 5. Primers used in this work.
Primer Sequence
5ʹ-GTA CAA TAG ATA GAT TAG AGG
5ʹ-AGT TCA TAG CCA GCA ACC
5ʹ-TGT CTC TTC TTG CAC CTG TAA
5ʹ-CAC AAG ACG AGA ATC CAC TAC
5ʹ-GAT CGC TCG GAA CTT GGA AAG CAG C
5ʹ-GCC AAA AGC ACC TCA TCG TCA TCG TC
5ʹ-TCA ACT TGT AAT GGA AGG
5ʹ-ATG GGT TTT TCG TCT TTG GTA TCA
5ʹ-GTA CGG AAA TGC TAA CGT C
5ʹ-GTT TCC ACA CCG GTA GCA ATA GTT
5ʹ-TTG GGC TTA TGA TTA CTT GCT TAT
5ʹ-AGA GAT GCC CCA ACC AC
5ʹ-CTA CAG AGA AAT GCG GAC GAT
5ʹ-TGG GCA AAG ACC TGA ATG AA
5ʹ- TTT TGT TGA CCT TTT GGG GCT AAT
5ʹ-AGT CCT CCA TGT AAA CAG AAA ACC
5ʹ-GGC AAT CAG CTG TTG CCC GTC TCA CT

Purpose
genotyping a1
genotyping a1
genotyping a2
genotyping a2
genotyping a3
genotyping a3
genotyping c1
genotyping c1
genotyping c2
genotyping c2
genotyping c3
genotyping c3
genotyping c4
genotyping c4
genotyping c5
genotyping c5
genotyping Salk T-DNA (JMLB1)
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II.E.3. Statistics and Determining Genetic Interaction Inequalities and Modes
All data from a single treatment were combined and analyzed with a Dunnett’s C test
performed using the R package DTK (Lau, 2013). Specific comparisons were extracted to
determine genetic interaction inequalities for wildtype, two single mutants, and the
corresponding double mutant. If distinct inequalities were not found (Y = Z, X = Z, but Y > Z)
then transitive property of equality (if Y = Z and X = Z, then Y = Z) was applied. Genetic
interaction inequalities were compared to Drees et al. (2005) to determine genetic interaction
modes.

II.E.1. Mutual Information
Mutual information was calculated as described in Drees et al. (2005). The probability of
the 13 interaction inequality classes of subunit X, 𝑥 ∈ 𝑋, was defined as:
∑ 𝑝(𝑥) = 1
𝑥∈𝑋

Mutual information was calculated with:
𝐼(𝑋; 𝑌) = ∑ ∑ 𝑝(𝑥, 𝑦) log 2 (
𝑦∈𝑌𝑥∈𝑋

𝑝(𝑥, 𝑦)
)
𝑝(𝑥)𝑝(𝑦)

The joint probability of X and Y is p(x,y) and marginal probabilities are p(x) and p(y). X and Y
are interchangeable and the result is in units as a non-negative number. Thus:
𝐼(𝑋, 𝑌) = 𝐼(𝑌, 𝑋) ≥ 0 𝑏𝑖𝑡𝑠

For network randomization, the relationship of wildtype and the two single mutants in the
genetic interaction inequalities were constrained. The double mutant phenotype is not
predictable and was added back to the equation as appropriate for the constraint. The
frequency of the randomized equation was compared against the entire network. The mutual
information from multiple randomized networks was averaged compared to the experimental
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mutual information. The probability of calculating the same or higher score was calculated as
the p_value. Python scripts for calculating mutual information and the randomized networks
were written by Dr. Timothy Galitski.
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II.F. SUPPLEMENTAL TABLES

Supplemental Table S 3. Normality testing.
Anderson-Darling
Statistic
Root Angle
Root Length
Hypocotyl Length

SM
SM-NaCl
SM
SM-NaCl
SM
SM-sucrose

Skewness
-1.391483
-2.314524
0.02428145
-0.2256996
-0.129302
-0.4388615
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Kurtosis
7.809023
7.838868
2.721533
2.384011
2.982349
3.240551

37.41
318.88
0.49534
7.2717
2.2057
14.142

Critical
Value
< 2.2e-16
< 2.2e-16
0.2141
< 2.2e-16
1.354e-05
< 2.2e-16

Supplemental Table S 4. Total sample size for each genotype per condition.
Each genotype had at least two experimental replicates.

Root Angle

wildtype
a1
a2
a3
c1
c2
c3
c4
c5
a1xc1
a1xc2
a1xc3
a1xc4
a1xc5
a2xc1
a2xc2
a2xc3
a2xc4
a2xc5
a3xc1
a3xc3
a3xc4
a3xc5
c1xc2
c1xc3
c1xc4
c2xc3
c2xc4
a2xa3
Total =

Root Length

Hypocotyl Length

SM

SM-NaCl

SM

SM-NaCl

SM

425
222
231
191
119
101
108
193
57
42
34
35
47
58
41
35
36
41
61
40
36
49
58
39
41
36
37
18
2413

424
219
228
187
114
111
113
193
56
37
35
35
56
58
39
36
34
48
55
44
34
54
55
41
41
34
42
32
32
2455

365
197
206
168
76
65
65
192
40
40
35
30
47
38
41
33
34
42
41
40
36
50
39
36
35
18
1991

385
187
206
162
75
60
69
178
39
37
35
34
55
37
41
31
35
46
38
40
33
51
40
33
35
16
1982

945
706
723
570
177
137
283
170
155
140
128
143
140
161
135
134
140
109
158
144
143
88
143
159
5772
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SMsucrose
887
676
720
552
177
143
287
174
142
137
139
126
141
160
139
141
123
87
133
140
142
93
115
174
5574

Supplemental Table S 5. Genetic interaction inequalities and modes.
__ Interaction with __
Root Angle - SM
a1 – c1
a2 – c1
a3 – c1
a1 – c2
a2 – c2
a1 – c3
a2 – c3
a3 – c3
a1 – c4
a2 – c4
a3 – c4
a1 – c5
a2 – c5
a3 – c5
a2 – a3
c1 – c2
c1 – c3
c1 – c4
c2 – c3
c2 – c4
Root Angle – SM-NaCl
a1 – c1
a2 – c1
a3 – c1
a1 – c2
a2 – c2
a1 – c3
a2 – c3
a3 – c3
a1 – c4
a2 – c4
a3 – c4
a1 – c5
a2 – c5
a3 – c5
a2 – a3
c1 – c2
c1 – c3
c1 – c4
c2 – c3
c2 – c4

Genetic Interaction
Inequalities

Genetic Interaction
Mode

WT > c1 > a1 > a1xc1
WT = a2 = a2xc1 = c1
a3 = WT = a3xc1 = c1
c2 > WT > a1xc2 > a1
c2 > a2xc2 > WT = a2
WT = c3 > a1 > a1xc3
WT = c3 = a2 = a2xc3
a3 = WT = c3 = a3xc3
WT > c4 > a1 > a1xc4
WT = a2xc4 = a2 = c4
WT = a3 > c4 = a3xc4
WT > c5 > a1 = a1xc5
WT = a2 = a2xc5 > c5
WT = a3 = a3xc5 > c5
a2xc3 = WT = a3 = a2
c2 = c1xc2 = WT > c1
c1xc3 = WT = c3 = c1
WT > c1 = c4 > c1xc4
c2 > WT = c2xc3 = c3
c2 > WT > c4 > c2xc4

Additive
Noninteractive
Noninteractive
Additive
Conditional
Conditional
Noninteractive
Noninteractive
Additive
Noninteractive
Noninteractive
Epistatic
Suppressive
Suppressive
Noninteractive
Suppressive
Noninteractive
Additive
Suppressive
Single-nonmonotonic

WT = c1 > a1 > a1xc1
WT = c1 = a2 = a2xc1
WT = c1 = a3xc1 = a3
WT > c2 > a1 > a1xc2
WT > a2 > c2 = a2xc2
WT = c3 > a1 = a1xc3
a2xc3 = WT = c3 = a2
WT = a3xc3 = c3 = a3
WT > c4 > a1 = a1xc4
WT > a2 > c4 = a2xc4
WT > a3 > c4 = a3xc4
WT = c5 > a1 = a1xc5
WT = c5 = a2 = a2xc5
WT = c5 > a3 > a3xc5
a2xa3 = WT = a2 > a3
WT = c1 > c2 = c1xc2
WT = c1 = c3 = c1xc3
WT = c1 > c4 > c1xc4
WT = c3 > c2xc3 = c2
WT > c2 > c4 > c2xc4

Conditional
Noninteractive
Noninteractive
Additive
Epistatic
Noninteractive
Noninteractive
Noninteractive
Epistatic
Epistatic
Epistatic
Noninteractive
Noninteractive
Conditional
Suppressive
Noninteractive
Noninteractive
Conditional
Noninteractive
Additive
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Asymmetry

a2 ← c2
a1 → c3

a1 → c5
a2 → c5
a3 → c5
c1 ← c2
c2 ← c3
c2 → c4
a1 → c1

a2 ← c2

a1 → c4
a2 ← c4
a3 ← c4
a3 → c5
a2 → a3
c1 ← c4

Supplemental Table S 5 (continued). Genetic Interaction Inequalities and Modes.
Root Length - SM
a1 – c1
a2 – c1
a3 – c1
a1 – c2
a2 – c2
a1 – c3
a2 – c3
a3 – c3
a1 – c4
a2 – c4
a3 – c4
a1 – c5
a2 – c5
a3 – c5
a2 – a3
c1 – c4
c2 – c4
c3 – c4
a1 – a2
a1 – a3
Root Length – SM-NaCl
a1 – c1
a2 – c1
a3 – c1
a1 – c2
a2 – c2
a1 – c3
a2 – c3
a3 – c3
a1 – c4
a2 – c4
a3 – c4
a1 – c5
a2 – c5
a3 – c5
a2 – a3
c1 – c4
c2 – c4

c1 > WT > a1xc1 = a1
c1 > a2xc1 = WT > a2
c1 = a3xc1 > WT > a3
c2 = WT > a1 = a1xc2
c2 = WT = a2xc2 = a2
c3 = WT > a1xc3 > a1
c3 = WT > a2 = a2xc3
c3 = WT > a3 = a3xc3
c4 = WT > a1xc4 = a1
c4 = WT = a2xc4 = a2
c4 = WT > a3 = a3xc4
WT > c5 = a1 > a1xc5
WT > a2 = c5 = a2xc5
WT > c5 = a3 = a3xc5
WT > a2 = a2xa3 = a3
c1 > c4 = WT = c1xc4
c2 = c4 = WT > c2xc4
c3 = c4 = WT > c3xc4
WT > a2 > a1 > a1xa2
WT > a3 = a1 > a1xa3

Epistatic
Additive
Epistatic
Noninteractive
Noninteractive
Conditional
Noninteractive
Noninteractive
Noninteractive
Noninteractive
Noninteractive
Additive
Asynthetic
Asynthetic
Asynthetic
Suppressive
Synthetic
Synthetic
Additive
Additive

a1 → c1

c1 = WT > a1 > a1xc1
c1 = WT = a2xc1 = a2
c1 = a3xc1 = WT > a3
c2 = WT > a1 > a1xc2
c2 = a2xc2 = WT > a2
WT = c3 > a1 > a1xc3
WT = c3 = a2 > a2xc3
WT = c3 > a3 = a3xc3
WT > c4 > a1 > a1xc4
WT > a2 > c4 > a2xc4
WT > a3 = c4 > a3xc4
WT > c5 > a1 > a1xc5
WT > a2 = c5 = a2xc5
WT > a3 = c5 > a3xc5
WT > a2 = a3 = a2xa3
c1 = WT > c4 = c1xc4
c2 = WT > c4 > c2xc4

Conditional
Noninteractive
Suppressive
Conditional
Suppressive
Conditional
Synthetic
Noninteractive
Additive
Additive
Additive
Additive
Asynthetic
Additive
Asynthetic
Noninteractive
Conditional

a1 → c1
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a3 ← c1
a1 → c3

c1 ← c4

a3 ← c1
a1 → c2
a2 ← c2
a1 → c3

c2 ← c4

Supplemental Table S 5 (continued). Genetic Interaction Inequalities and Modes.
Hypocotyl Length - SM
a1 – c1
WT > c1 > a1 = a1xc1
a2 – c1
WT > c1 = a2xc1 > a2
a3 – c1
WT = a3xc1 > a3 = c1
a1 – c2
WT > c2 > a1xc2 > a1
a2 – c2
WT = a2xc2 > c2 > a2
a1 – c3
WT > c3 > a1xc3 > a1
a2 – c3
a2xc3 = WT > c3 > a2
a3 – c3
WT > a3xc3 = c3 > a3
a1 – c4
WT > c4 > a1xc4 > a1
a2 – c4
WT > c4 = a2 = a2xc4
a3 – c4
WT > a3 = c4 = a3xc4
a1 – c5
WT > c5 > a1 > a1xc5
a2 – c5
WT > a2 = a2xc5 = c5
a3 – c5
WT > a3 > c5 = a3xc5
a2 – a3
a2xa3 = WT > a3 > a2
a1 – a2
WT > a2 > a1 > a1xa2
a1 – a3
WT > a3 > a1 > a1xa3
Hypocotyl Length – SM-sucrose
a1 – c1
WT > c1 > a1 > a1xc1
a2 – c1
WT > a2 = c1 > a2xc1
a3 – c1
WT > a3xc1 = c1 = a3
a1 – c2
WT > c2 > a1 > a1xc2
a2 – c2
WT > a2 > c2 = a2xc2
a1 – c3
WT > c3 > a1 = a1xc3
a2 – c3
WT > a2xc3 = c3 > a2
a3 – c3
WT > c3 > a3xc3 > a3
a1 – c4
WT > c4 > a1 > a1xc4
a2 – c4
WT > a2 > c4 = a2xc4
a3 – c4
WT > a3 > a3xc4 = c4
a1 – c5
WT > a1 = c5 > a1xc5
a2 – c5
WT > a2 > a2xc5 > c5
a3 – c5
WT > a3 > a3xc5 = c5
a2 – a3
WT > a2 = a2xa3 > a3
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Epistatic
Epistatic
Double-nonmonotonic
Single-nonmonotonic
Double-nonmonotonic
Single-nonmonotonic
Double-nonmonotonic
Epistatic
Single-nonmonotonic
Asynthetic
Asynthetic
Additive
Asynthetic
Epistatic
Double-nonmonotonic
Additive
Additive
Additive
Additive
Asynthetic
Additive
Epistatic
Epistatic
Epistatic
Single-nonmonotonic
Additive
Epistatic
Epistatic
Additive
Single-nonmonotonic
Epistatic
Epistatic

a1 → c1
a2 ← c1
a1 ← c2
a1 ← c3
a3 ← c3
a1 ← c4

a3 ← c5

a2 ← c2
a1 ← c3
a2 ← c3
a3 ← c3
a2 ← c4
a3 ← c4
a2 → c5
a3 ← c5
a2 → a3

II.G. SUPPLEMENTAL FIGURES

Supplemental Figure S 12. Normality testing.
Each data set was separated by phenotype per condition. A Q-Q plot and histogram were
created using generic functions in R.
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Supplemental Figure S 13. Analysis for interaction inequalities for root angle of
seedlings grown on SM.
The standardized root growth assay was performed on seedlings grown on SM. Data was
combined and significant differences were determined with an Dunnett’s C test. Data was
extracted for wildtype, specific single mutants, and corresponding double mutants. Box plots
were constructed with black dots are statistical outliers and red dots are the sample mean.
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Supplemental Figure S 14. Analysis for interaction inequalities for root angle of
seedlings grown on SM-NaCl.
The standardized root growth assay was performed on seedlings grown on SM-NaCl. Data
was combined and significant differences were determined with an Dunnett’s C test. Data
was extracted for wildtype, specific single mutants, and corresponding double mutants. Box
plots were constructed with black dots are statistical outliers and red dots are the sample
mean.
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Supplemental Figure S 15. Analysis for interaction inequalities for root length of
seedlings grown on SM.
The standardized root growth assay was performed on 3 d-old seedlings transferred to SM.
After 7 d, root length was measured. Data was combined and significant differences were
determined with an Dunnett’s C. Data was extracted for wildtype, specific single mutants,
and corresponding double mutants. Box plots were constructed with black dots are statistical
outliers and red dots are the sample mean.
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Supplemental Figure S 16. Analysis for interaction inequalities for root length of
seedlings grown on SM-NaCl.
The standardized root growth assay was performed on 3 d-old seedlings transferred to SMNaCl. After 7 d, root length was measured. Data was combined and significant differences
were determined with an Dunnett’s C. Data was extracted for wildtype, specific single
mutants, and corresponding double mutants. Box plots were constructed with black dots are
statistical outliers and red dots are the sample mean.
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Supplemental Figure S 17. Analysis for interaction inequalities for hypocotyl length of
seedlings grown on SM.
Seedlings were plated on SM, exposed to light for 6 h, and grown in the dark for 7 d. Data
was combined and significant differences were determined with an Dunnett’s C. Data was
extracted for wildtype, specific single mutants, and corresponding double mutants. Box plots
were constructed with black dots are statistical outliers and red dots are the sample mean.
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Supplemental Figure S 18. Analysis for interaction inequalities for hypocotyl length of
seedlings grown on SM-sucrose.
Seedlings were plated on SM, exposed to light for 6 h, and grown in the dark for 7 d. Data
was combined and significant differences were determined with an Dunnett’s C. Data was
extracted for wildtype, specific single mutants, and corresponding double mutants. Box plots
were constructed with black dots are statistical outliers and red dots are the sample mean.
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Supplemental Figure S 19. Root response of PP2A double mutants to SM.
The standardized root growth assay was used to assess seedling response to SM.
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Supplemental Figure S 20. Root response of PP2A double mutants to SM-NaCl.
The standardized root growth assay was used to assess seedling response to SM-NaCl.
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Supplemental Figure S 21. Response of dark grown PP2A double mutants to SM.
Seeds were directly sown on medium. After a 6 h light treatment, seedlings were grown for 7
d in darkness.
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Supplemental Figure S 22. Response of dark grown PP2A double mutants to SMsucrose.
Seeds were directly sown on medium. After a 6 h light treatment, seedlings were grown for 7
d in darkness.
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CHAPTER III - USE OF A COMMON CELLULOSE MATRIX TO CAPTURE AND PURIFY
PLANT GENOMIC DNA PRIOR TO PCR

III.A. SUMMARY
Whatman® FTA® Cards are a fast and efficient method for capturing and storing nucleic acids
but are cost-prohibitive for some researchers. We developed a method that substitutes readilyavailable cellulose-based paper and homemade washing buffer for commercial FTA® Cards and
FTA® Purification Reagent. This method is suitable for long-term storage of DNA from many
plant species, including Arabidopsis thaliana, prior to purification and PCR.
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III.B. METHODS, RESULTS, and DISCUSSION
PCR genotyping of organisms is a routine technique. In large genotyping studies,
hundreds or thousands of samples may be tested, so methods that decrease the time and/or
cost associated with preparing DNA samples are desirable. For Arabidopsis thaliana, we have
found that the method of Klimyuk et al. (1993) is quick and low-cost but, in our hands, samples
lose the ability to serve as reliable DNA templates after several weeks of storage at 4˚C or 20˚C. Whatman FTA® Cards (GE Healthcare Life Sciences, Pittsburgh, PA) are often used to
collect and store biological samples on paper impregnated with proprietary chemicals (Lin et al.,
2000; Beck et al., 2001; Wolfgramm Ede et al., 2009; Adugna et al., 2011). Samples such as
body fluids or plant tissue are pipetted or imprinted onto the FTA® Cards then dried completely
for storage. When DNA is needed for genotyping, small disks are removed from the card and
the disks are washed twice with commercial FTA® Purification Reagent and twice with TE0.1 (10
mM Tris-Cl, pH 8.0, 0.1 mM EDTA) for 5 min each. Disks are dried completely at room
temperature for an h before adding PCR reagents. While this is a relatively fast and efficient
method to manipulate nucleic acids, the FTA® Purification Reagent and FTA® Cards are costly.
We investigated reliable and cost-effective substitutions for these materials.
In place of 200 L FTA® Purification Reagent to wash the paper disks from FTA® Cards,
we tested the same volume of five different solutions: homemade TENT buffer (10 mM Tris-Cl,
pH 8.0, 1 mM EDTA, 12 mM NaCl, and 2.5% Triton X-100), 20 mM NaOH, 1% SDS, sterilized
distilled water, or TE0.1. Both 20 mM NaOH and 1% SDS have previously been reported as
alternative washing solutions (Zhou et al., 2006); however, in our hands, disks that were
washed with water, TE0.1, NaOH or SDS yielded inconsistent results (data not shown).
Consistent product was generated from disks washed with TENT buffer that was similar to FTA®
Purification Reagent (data not shown), thus TENT buffer was used for the initial two washes in
all subsequent experiments.
DNA tightly associates with cellulose fibers (Alberts and Herrick, 1971), so we
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investigated three cellulose-based matrices as alternatives to commercial FTA® cards: untreated
Grade 1 filter paper (Whatman) and either treated or untreated Ahlstrom grade 238
chromatography paper (VWR International, Radnor, PA). Treated paper was prepared by
soaking in 400 mM Tris-Cl (pH 8.0), 5% sodium dodecyl sulfate (SDS), and 25 mM EDTA for 2
h, followed by drying at room temperature overnight. Treated paper can be stored for at least 6
months prior to use. Optimization of the method was performed using leaves from 4 week-old
Arabidopsis thaliana ecotype Columbia-0. The cellulose matrix was sandwiched between
pieces of parchment paper (available at grocery stores) to prevent contamination of tools during
tissue printing and physical contact between samples during storage. The plant tissue was
pressed into the paper using moderate pressure from a ceramic pestle. Leaf imprints on the
cellulose matrix were dried for at least one h before punching a 1.5-mm disk using a Miltex
biopsy punch with plunger (Ted Pella, Inc., Redding, CA). If desired, the cellulose matrix can be
cut with a razor blade into other sizes or shapes. We also tested several alternatives to TE0.1 for
the final two washes: sterilized deionized water, 100% ethanol, or 100% isopropanol. After the
final wash, sample drying time was decreased from 1 h to 20 min by using a vacuum centrifuge
(Vacufuge Concentrator 5301, Eppendorf, Hauppauge, NY) at 45°C. PCR Master Mix 1 (see
Supplementary Material) was added directly to the disks immediately prior to thermal cycling.
Figure 22 shows that all of the cellulose matrixes were an acceptable medium to capture
and store DNA and that washing the disks was critical to remove PCR inhibitors. DNA on
unwashed disks had no detectable amplification products. Using water for the last two washes
yielded the least consistent results, especially with untreated chromatography paper (Figure 22).
Performing the last two washes with TE0.1 yielded the best amplification, although isopropanol
also worked well and had the advantage of reducing disk drying time in the vacufuge from 20
min to 5 min. Each PCR requires one disk and washing a large number of disks independently
is labor intensive. To increase throughput, we determined that disks punched from the same
DNA sample could be washed together using the ratio of one 1.5-mm disk to 100 L of wash.
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Figure 22. Comparison of four cellulose matrices and five treatments for isolation of
DNA for PCR.
Arabidopsis thaliana ecotype Columbia-0 leaf tissue was pressed onto (A) commercial FTA®
Card, (B) treated chromatography paper, (C) untreated chromatography paper, or (D)
untreated filter paper. (1) unwashed disks. (2-5) disks were washed twice with TENT buffer
followed by two washes with (2) isopropanol, (3) ethanol, (4) water or (5) TE0.1. PCR products
were visualized on a 1.5% agarose gel using ethidium bromide.

128

Disks were always handled with forceps.
Samples imprinted on untreated chromatography paper or filter paper still yielded PCR
products after 1 month of storage at room temperature (data not shown). Using treated
chromatography paper increased sample storage time to at least 4 months. To reduce
degradation, samples should be stored in the dark. Washed disks can be stored for at least one
month at -20°C prior to PCR.
Next, we tested the ability to store and amplify DNA from other plant species using FTA®
Cards and treated or untreated chromatography paper (Figure 23). Disks were washed twice
with TENT buffer and twice with TE0.1. Two sequential PCRs were performed using pairs of
nested primers to amplify cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
genes (see Supplementary Materials for PCR Master Mixes 2 and 3). Consistent products were
amplified from all matrices imprinted with A. thaliana, P. sativum, C. sativus or C. quinoa leaf
tissue. In contrast, no product was generated from L. sativa or O. basilicum using any cellulose
matrix, although DNA purified from these plants with a commercial kit amplified well with these
primers (data not shown). For the remaining plants, different sizes or different numbers of PCR
products were observed, depending on the matrix. Multiple GAPDH products are not
unexpected because many plants have more than one GAPDH gene (Petersen et al., 2003;
Holtgrefe et al., 2008; Zeng et al., 2016) but for these species, it would be necessary to optimize
the choice of matrix.
Our results showed that Ahlstrom grade 238 chromatography paper treated with a TrisEDTA-SDS buffer is a reasonable substitute for Whatman FTA® Cards for many plant species
and that homemade TENT buffer is a reliable replacement for FTA® Purification Reagent for the
first two disk washes. Sample processing time can be reduced by processing multiple disks
from the same sample together and using a vacuum centrifuge to dry the disks.
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Figure 23. Amplification of GAPC genes from cellulose-captured DNA from a variety of
plants.
Three different cellulose matrices were tested: (A) FTA® Card, (B) treated chromatography
paper, or (C) untreated chromatography paper. Young leaves from twelve different plants
were imprinted on each cellulose matrix: (1) Arabidopsis thaliana ecotype Columbia-0, (2)
Physalis philadelphica (tomatillo), (3) Pisum sativum var. macrocarpon cv. Oregon Sugar Pod
(snow pea), (4) Lactuca sativa cv. Buttercrunch (lettuce), (5) Avena sativa (oats), (6)
Solanum lycopersicum cv. Italian Heirloom (tomato), (7) Medicago sativa (alfalfa), (8)
Ocimum basilicum cv. Genovese (basil), (9) Cucumis sativus cv. Suhyo Long (cucumber),
(10) Cucurbita pepo cv. Early Yellow Crookneck (summer squash), (11) Beta vulgaris subsp.
vulgaris cv. Ruby Red (swiss chard), and (12) Chenopodium quinoa (quinoa). PCR products
were visualized on a 1.5% agarose gel using ethidium bromide.
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III.D. SUPPLEMENTARY MATERIAL

PCR Master Mix 1: 50 mM KCl, 10 mM Tris-Cl (pH 9.0), 0.1% Triton X-100, 3 mM MgCl2, 0.2
mM dNTPs (Sigma-Aldrich Corporation, St. Louis, MO), Taq DNA polymerase (homemade), 0.2
mM primer 1 (5ʹ-GTA CAA TAG ATA GAT TAG AGG), 0.2 mM primer 2 (5ʹ-AGT TCA TAG
CCA GCA ACC)
Thermal cycling profile: Initial denaturation at 95°C for 2 min; 35 cycles of 95°C for 30 sec, 50°C
for 30 sec, 72°C for 45 sec; final extension at 72°C for 6 min.
Primers amplify the A1 subunit of Arabidopsis thaliana protein phosphatase 2A (At1g25490)

PCR Master Mix 2: 50 mM KCl, 10 mM Tris-Cl (pH 9.0), 0.1% Triton X-100, 3 mM MgCl2, 0.2
mM dNTPs (Sigma-Aldrich Corporation, St. Louis, MO), Taq DNA polymerase (homemade), 0.2
mM Primer 1 (5ʹ-GAB TAT GTT GTT GAR TCT TCW GG), 0.2 mM Primer 2 (5ʹ CAA TAA GTT
GTC RTA CCA NG)
Thermal cycling profile: Initial denaturation at 95°C 2 min; 40 cycles of 95°C for 30 sec, 52°C for
30 sec, 72°C for 2 min; final extension at 72°C for 6 min.
Primers amplify glyceraldehyde 3-phosphate dehydrogenase family genes.

PCR Master Mix 3: 50 mM KCl, 10 mM Tris-Cl (pH 9.0), 0.1% Triton X-100, 3 mM MgCl2, 0.2
mM dNTPs (Sigma-Aldrich Corporation, St. Louis, MO), Taq DNA polymerase (homemade), 0.2
mM Primer 1 (5ʹ- CT ACT GGT GTC TTC ACT GAC AA), 0.2 mM Primer 2 (5ʹ CAG CCT TGG
CGT CAA AAA TGC T)
Thermal cycling profile: Initial denaturation at 95°C 2 min; 40 cycles of 95°C for 30 sec, 46°C for
30 sec, 72°C for 2 min; final extension at 72°C for 6 min.
Primers amplify GAPC-type glyceraldehyde 3-phosphate dehydrogenase genes.
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III.E. PROTOCOLS

III.E.1. Preparation of Alternative Cellulose Matrix

Supplies:
Ahlstrom grade 238 chromatography paper (VWR International, Radnor, PA)
Resealable bags
Test tube peg rack
Parchment paper

1)

Cut chromatography paper to desired size.
NOTE: Wear gloves to prevent contaminating the paper and sample with
nucleases.

2)

Place paper pieces in a glass or plastic tray and cover completely with a solution of
400 mM Tris-Cl (pH 8.0), 5% sodium dodecyl sulfate (SDS), and 25 mM EDTA.

3)

Soak paper pieces for 2 h with gentle agitation. Repeat soak if initial solution is
discolored.

4)

Separate paper pieces and dry overnight.
NOTE: we stand papers vertically in a test tube peg rack in a laminar flow hood.

5)

Store dried paper in a resealable bag prior to use. Treated paper is secured by a
staple between two pieces of parchment paper slightly larger than the treated paper.
NOTE: treated paper can be stored for at least 6 months.
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III.E.2. Imprinting Plant Tissue on Treated Cellulose Matrix

Supplies:
Treated Ahlstrom grade 238 chromatography paper (VWR International, Radnor, PA)
protected by parchment paper
Ceramic pestle

1)

Wear gloves to prevent contaminating the paper and sample with nucleases.

2)

Peel back parchment paper and place plant tissue (at least 0.25 cm2) onto treated
chromatography paper, then re-cover with parchment.
NOTE: Different samples can be imprinted on the same paper but should be
placed at least 1 cm apart.

3)

With moderate to firm pressure, rub the parchment with the end of the pestle to
rupture cells and release DNA into the chromatography paper.
NOTE: For consistent PCR results, liquid from the tissue should penetrate
through the paper and be visible on the reverse side.

4)

Dry paper completely (at least 1 hr at room temperature)
NOTE: Plant tissue samples on treated cellulose matrix may be stable for at
least 4 months but this should be determined empirically for each sample type.
Store samples in dark to prevent sample degradation
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III.E.3. Purification of DNA on Paper Disks

Supplies:
self healing cutting mat
1.5 mm micro punch (https://www.tedpella.com/histo_html/miltex-plunger-punch.htm) or razor
blades
microfuge tube
TENT buffer (10 mM Tris-Cl, pH 8.0; 1 mM EDTA, pH 8.0; 12 mM NaCl; 2.5% Triton X-100)
100% isopropanol or TE0.1 (10 mM Tris-Cl, pH 8.0; 0.1 mM EDTA, pH 8.0)

Single disk purification
1) Peel back parchment paper and place cutting mat under chromatography paper
imprinted with plant tissue on the lab bench.
2) Use micro punch to extract paper disks or a razor blade to cut other sizes of paper.
NOTE: Clean punch when changing to a different tissue sample by punching into clean
(untreated) chromatography paper 3-4 times to remove trace cellulose fibers carrying
DNA.
NOTE: Clean razor blade by running cutting edge through unused chromatography
paper.
3) Add one disk to a labeled microfuge tube.
4) Add 200 μL TENT buffer and incubate 5 min with gentle agitation.
5) Remove buffer by pipetting or vacuum aspiration and repeat step 4.
NOTE: aspiration is more effective at removing liquid and thus shortens drying time.
Aspirator tip should be changed or washed between samples. We use pipette tips on
the vacuum hose.
6) Add 200 μL isopropanol or TE0.1 and incubate 5 min with gentle agitation.
7) Remove buffer by pipetting or vacuum aspiration and repeat step 6.
8) Dry disk completely in a vacuum centrifuge at 45°C for 10-20 min or 1 h at room
temperature.
NOTE: Incubation time can be reduced to 2 min in vacuum centrifuge when alcohol is
used for the last wash.
9) Use immediately or store at -20°C for up to 1 month.
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Batch purification
The single disk purification can be scaled up to wash 20 disks in a 1.5 mL microfuge tube using
a minimum of 50 μL of each solution per disk. Transfer individual disks to fresh tubes using
clean forceps for PCR. To eliminate any possibility of sample carryover, forceps can be cleaned
between samples by washing with full-strength commercial bleach, rinsing with water, and
drying completely.
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CHAPTER IV – IDENTIFICATION AND CHARACTERIZATION OF SODIUM-INDUCED ROOT
SKEWING MUTANTS IN ARABIDOPSIS THALIANA

IV.A. SUMMARY
A multi-step screen was performed to find Arabidopsis thaliana mutants whose roots skewed in
the presence of sodium salts. Approximately 138,000 seedlings representing a collection of
21,520 T‑DNA insertion lines were screened. We identified fifteen putative mutants with a
sodium-induced root skewing phenotype and classified eight other root skewing mutant
phenotypes. For 11 of the 15 putative mutants, Thermal Asymmetric Interlaced PCR was used
to determine the insertion site of the T‑DNA mutagen. Genetic analysis was performed to
determine that the mode of inheritance for four of the three mutants were recessive.
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IV.B. INTRODUCTION
Protein Phosphatase 2A (PP2A) is a regulator of many biological pathways and
potentially has many cellular targets (Lillo et al., 2014). Arabidopsis thaliana plants with
mutations in a subset of PP2A A subunit and C subunit genes have a root skewing and curling
phenotype in the presence of sodium salts (Fig. 24; Chapter I). This root phenotype is induced
by the presence of sodium salts in the growth medium and the medium’s osmoticum playing a
minor role. The penetrance of the phenotype is influenced by temperature, photoperiod, and
media composition.
Mutant screens are useful for determining what genes are involved in a response of
interest. Plants can be purposefully mutagenized using chemicals, UV light, radiation, or
transfer-DNA (T-DNA). T-DNA can be inserted into the host Arabidopsis genome via
Agrobacterium tumefaciens transformation (Tzfira et al., 2004). Agrobacterium will transfer a
fragment of DNA flanked by the left (LB) and right (RB) boarders into the host cell and the
fragment will be inserted at random. The known sequence between the LB and RB typically
contains a selectable marker and may contain internal promoters such as 35S (Ulker et al.,
2008). The T-DNA region from the LB to RB can insert cleanly into the genome. However, the
insertion process does not always produce a clean insertion and can produce alterations where
unknown sequence is included with the T-DNA, part of the T-DNA is truncated, multiple T-DNAs
are concatenated together at one insertion site, or genome rearrangement (Tax and Vernon,
2001; Ulker et al., 2008). The most ideal position for disrupting a gene is for the T-DNA to insert
in an exon of a gene-of-interest. However, a T-DNA can disrupt a gene when inserted into the
intron causing problems with splicing or the promoter causing misregulation.
On average, 1.5 T-DNAs are inserted into each line (Alonso et al., 2003). In some
cases, T-DNA mutants can harbor other genome aberrations, such as insertions/deletions, that
maybe the cause of the phenotype (Sparks et al., 2016). Thus it is important to validate that the
detected T-DNA is the aberration that is causing the phenotype.
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Figure 24. Sodium-induced root skewing phenotype of Protein Phosphatase 2A A and
C subunit mutants of Arabidopsis thaliana.
Analysis of wildtype, PP2A C subunit c4-1, and PP2A A subunit a1-6rcn1-6 seedlings were
transferred to SM supplemented with NaCl, KCl, NaNO3, or mannitol. After 7 d of growth,
seedlings were photographed through the agar.
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We undertook a mutant screen using the optimized growth conditions for the sodiuminduced root skewing phenotype as described in Chapter I. This screen utilized a population
mutagenized using T-DNA. A multistep screen was developed to identify mutants with a root
skewing response in the presence of sodium salts.
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IV.C. METHODS
IV.C.1. Plant Materials and Growth Conditions
All Arabidopsis thaliana seeds stocks were purchased from The Arabidopsis Information
Resource (TAIR). The catalogue numbers of the stocks purchased for the mutant screen are
CS21995, CS23153, and CS21991. The genetic background is Columbia-7 and the seedlings
were transformed with pSKI015 (Weigel et al., 2000). Plate assays were performed at 25°C
with a 12 h photoperiod at a flux of 100 µmol m-2 sec-1 from cool white fluorescent bulbs. For
bulking seeds and determining leaf phenotypes, plants were grown at 21°C with a 18 h
photoperiod and directly sown in a 1:1 ratio of MetroMix 360 (SUN GRO Horticulture) and perlite
(Whittemore Company). To each 100 mm2 gridded square dishes, 30 µl of standard growth
medium [(SM); 0.5X Murashige-Skoog salts plus Gamborg’s vitamins, pH 5.8 (Caisson
Laboratories) containing 0.8% Phytoblend (Caisson Laboratories)] was added. Liquid culture
medium was 1X Murashige-Skoog salts plus Gamborg’s vitamins, 1% sucrose, pH 5.7 (Caisson
Laboratories). Arabidopsis seedlings were grown in liquid medium at 25°C with a 12 h
photoperiod under constant shaking at approximately 150 rpm. Seed sterilization was
described in Chapter I and seeds were suspended in sterilized deionized water before plating.

IV.C.2. Primary Screen
The mutant population was initially assayed on SM supplemented with 50 mM NaCl.
Seeds suspended in sterilized water were directly sown on medium using a plastic pipette tip for
a 200-100 µl P1000 pipette fitted with an air tight seal to a transfer pipette bulb. After plating,
seeds were stratified for 3 d and grown for a minimum of 5 d on vertically oriented plates before
the roots were scored. Plants which exhibited root skewing, either to the left or right as viewed
from the back of the plate, were transplanted to soil-less potting medium. Seedlings were
grown to maturity and seeds were collected for the secondary screen.
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IV.C.3. Secondary Screen
Medium and conditions for the secondary screen were the same as the primary screen
but multiple progeny from the putative mutant line identified in the primary screen were
observed on duplicate plates to ensure that the phenotype was consistent. Seeds were plated
using the same method as the primary screen. Lines with a reproducible phenotype were used
in the tertiary screen.

IV.C.4. Tertiary Screen
The tertiary screen was designed to eliminate mutants whose roots skewing did not
require sodium salts. Wildtype, c4-1, and a1-6rcn1-6 were used as skewing controls. Sterilized
seeds were plated on SM and stratified for 3 d. After 3 d of growth on vertically oriented SM
plates, seedlings were transferred to SM or to SM supplemented with 75 mM NaCl, 75 mM KCl,
75 mM NaNO3, or 150 mM mannitol. Each plate contained two genotypes and each genotype
had three seedlings. Plates were photographed after 7 d of growth at 25°C with a 12 h
photoperiod.

IV.C.5. Hybridization of Arabidopsis thaliana
Wildtype ecotype Columbia-0 or Columbia-7 and the root skewing mutants of interest
were grown in soil until flower buds appeared. The wildtype plant was always used as the
female parent and flower buds were emasculated before pollen dehiscence using 70% ethanol
sterilized fine tip tweezers (Polysciences, Inc.). Multiple crosses were made to collect at least
200 seeds.

IV.C.6. F1 Assay Conditions
F1 seeds and the wildtype and mutant parent’s seeds were sterilized, plated on SM, and
stratified for 3 d. After 3 d of growth, seedlings were transferred to SM supplemented with 75
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mM NaCl and grown for an addition 7 d. After photographing through the agar, plates were
returned to the growth room for 3 to 5 d before seedlings were transferred to soil. F2 seeds were
collected from selected F1 plants.

IV.C.7. F2 Assay Conditions
F2 seeds were generated by backcrossing F1 to wildtype female parent. The parent
plants and c4-1 mutant were used as controls. Seeds were plated on SM and stratified for 3 d.
After 3 d of growth, seedlings were transferred to SM supplemented with 75 mM NaCl.
Seedlings were grown for an addition 7 d and photographed through the agar. Plates were
returned to the growth room for 3 to 5 d before seedlings were transferred to soil-less potting
medium.

IV.C.8. Isolation of Arabidopsis Genomic DNA
Tissue from Arabidopsis seedlings grown in liquid culture was harvested after two weeks
of growth. Tissue (100 mg) was ground thoroughly in liquid nitrogen with a motor and pestle.
The tissue was further disrupted by adding 1 ml of grinding buffer (100 mM Tris-HCl, pH 8.0, 1.4
M NaCl, 20 mM EDTA, 2% CTAB, 0.004% β-mercaptoethanol) and grinding until a slurry
formed. The slurry was incubated at 60°C for 30 min. The slurry was cooled to room
temperature and 650 µl of chloroform:octanol (24:1) was added and vortexed for 10 sec. After
centrifugation for 5 min at 14,000 x g, the aqueous layer was transferred to a clean tube. The
aqueous layer was overlaid by ice cold 100% ethanol and the samples were incubated at -20°C
for 1 h. The tube was inverted 5 times followed by 5 min centrifugation at 14,000 x g. The
ethanol was decanted and the pellet was completely dried in a vacuum centrifuge at 30°C. The
pellet was resuspended overnight at 4°C in 25 µl TE. Samples were incubated in 25 µl of 10
µg/ml RNase at 37°C for 1 hour. Samples were stored at -20°C.
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IV.C.9. Thermal Asymmetric Interlaced PCR (TAIL‑PCR)
All primers are listed in Table 6. TAIL‑PCR products were generated from three
successive amplifications. The 20 µl reaction for round 1 of TAIL‑PCR contained 1X ExTaq
buffer, 0.2 mM dNTPs, 0.05 to 1 ng genomic DNA, 0.8 U ExTaq DNA polymerase (Clontech),
0.2 µM LB1 primer, and degenerate primers. Depending on the reaction, working concentrations
for the degenerate primers were: AD1a = 16 µM; AD1b = 12 µM; AD2a = 8 µM; AD2b = 128 µM;
AD3 = 16 µM; and AD5 = 12 µM. Products were amplified using the following program reported
by (Weigel and Glazebrook, 2002).
Step 1: 4 ̊ C for 2 min
Step 2: 93 ̊ C for 1 min
Step 3: 95 ̊ C for 1 min
Step 4: 94 ̊ C for 0.5 min
Step 5: 62 ̊ C for 1 min
Step 6: 72 ̊ C for 2.5 min
Step 7: Go to step 4 for 4 cycles
Step 8: 94 ̊ C for 0.5 min
Step 9: 25 ̊ C for 3 mins
Step 10: Ramp at 0.2 ̊ C per sec to 72 ̊ C
Step 11: 72 ̊ C for 2.5 min
Step 12: 94 ̊ C for 10 sec
Step 13: 68 ̊ C for 1 min
Step 14: 72 ̊ C for 2.5 min
Step 15: 94 ̊ C for 10 sec
Step 16: 68 ̊ C for 1 min
Step 17: 72 ̊ C for 2.5 min
Step 18: 94 ̊ C for 10 sec
Step 19: 44 ̊ C for 1 min
Step 20: 72 ̊ C for 2.5 min
Step 21: Go to Step 12 for 14 more cycles
Step 22: 72 ̊ C for 5 min
Step 23: 4 ̊ C hold

Products from round 1 of TAIL‑PCR were diluted 200 fold and 4 µl was used as template for
round 2 of TAIL‑PCR. The 20 µl reaction for round 2 of TAIL‑PCR was similar to round 1 of
TAIL‑PCR except 0.6 U of ExTaq was used. The thermal profile for round 2 of TAIL‑PCR was:
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Table 6. Primers used in this work.
For degenerate primers, the International Union of Pure and Applied Chemistry (IUPAC) system
was used. N=A or C or G or T; S=C or G; W=A or T.

Primer Name
AD1a

Sequence
5ʹ-NTC GAS TWT SGW GTT

AD1b

5ʹ-TGW GNA GSA NCA SAG

AD2a

5ʹ-NGT CGA SWG ANA WGA A

AD2b

5ʹ-AGW GNA GWA NCA WAG G

AD3

5ʹ- WGT GNA GWA NCA NAG A

AD5

5’ – STT GNT AST NCT NTG C

LB1

5ʹ-ATA CGA CGG ATC GTA ATT TGT C

LB2

5ʹ-TAA TAA CGC TGC GGA CAT CTA C

LB3

5ʹ-TTG ACC ATC ATA CTC ATT GCT G

A1-6 3’
A1-6 5’
At2g60890-R1
At1g60890-F1
At1g60900-F1
At1g60900-R1

5ʹ-AGT TCA TAG CCA GCA ACC
5ʹ-GTC CAA TAG ATA GAT TAG AAG
5ʹ-TGT CTT GGC CGA GTT TGT GGT G
5ʹ-CCC CGG GTC CTC ACA TCA G
5ʹ-ACG GTC ACG CTC TCG GTC AA
5ʹ-AGG CGC CAT ATC AAA TCC ACT
TC
5ʹ-GCG TGG ATA GAA GAG ACC GAA
TGT
5ʹ-GAA GAG GCC AAT AAG GAT GCT
GAA
5ʹ-GAA GCC AAT CCA TCC GTA GAG
GTT
5ʹ-TGT CGG AAT TCT TAT CGG CTG
TGT

At1g75100-R1
At1g75100-F1
At1g75110-R1
At1g75110-F1
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Purpose
256-fold degenerate
primer for TAIL-PCR
128-fold degenerate
primer for TAIL-PCR
64-fold degenerate
primer for TAIL-PCR
128-fold degenerate
primer for TAIL-PCR
256-fold degenerate
primer for TAIL-PCR
128-fold degenerate
primer for TAIL-PCR
pSKI015 left border
region specific for
round 1 TAIL-PCR
pSKI015 left border
region specific for
round 2 TAIL-PCR
pSKI015 left border
region specific for
round 3 TAIL-PCR
Test genome DNA
Test genome DNA
qPCR
qPCR
qPCR
qPCR

Reference
(Weigel and
Glazebrook, 2002)
(Weigel and
Glazebrook, 2002)
(Weigel and
Glazebrook, 2002)
(Weigel and
Glazebrook, 2002)
(Weigel and
Glazebrook, 2002)
(Weigel and
Glazebrook, 2002)
(Zhu et al., 2002)

qPCR

This work

qPCR

This work

qPCR

This work

qPCR

This work

Zhu et al., 2002)

Zhu et al., 2002)

This work
This work
This work
This work

Step 1: 4 ̊ C for 2 min
Step 2: 94 ̊ C for 10 sec
Step 3: 64 ̊ C for 1 min
Step 4: 72 ̊ C for 2.5 min
Step 5: 94 ̊ C for 10 sec
Step 6: 64 ̊ C for 1 min
Step 7: 72 ̊ C for 2.5 min
Step 8: 94 ̊ C for 10 sec
Step 9: 44 ̊ C for 1 min
Step 10: 72 ̊ C for 2.5 min
Step 11: Go to Step 2 for 11 more cycles
Step 12: 72 ̊ C for 5 min
Step 13: 4 ̊ C hold

Products from the round 2 of TAIL‑PCR were diluted 100 fold and 5 µl was used as template for
round 3 of TAIL-PCR. The 50 µl reaction for round 3 of TAIL‑PCR was similar to round 2 of
TAIL‑PCR. The round 3 TAIL‑PCR thermal profile was:
Step 1: 4 ̊ C for 2 min
Step 2: 94 ̊ C for 10 sec
Step 3: 44 ̊ C for 1 min
Step 4: 72 ̊ C for 2.5 min
Step 5: Go to Step 2 for 19 more cycles
Step 6: 72 ̊ C for 5 min
Step 7: 4 ̊ C hold

Products from round 2 of TAIL‑PCR and round 3 of TAIL‑PCR were separated on a 1% agarose
gel and visualized with ethidium bromide.

IV.C.10. PCR Product Purification
Products from round 3 of TAIL-PCR often contained multiple products, only a subset of
which were the desired products. Complex products from round 3 TAIL‑PCR were separated
using 1% Seaplaque agarose (Lonza Rockland, Inc.). Bands of interest were excised, melted in
a 70°C water bath, and purified using the Wizard PCR Preps DNA Purification System
(Promega) per manufacturer’s suggestions. Single products were purified using the same
system except the electrophoresis step was omitted.
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IV.C.11. Sequencing
All sequencing was performed with the LB3 primer using BigDye Terminator c3.1 cycle
sequencing reagents (Applied Biosystems) per manufacturer’s suggestions. Sequencing
samples were analyzed at the University of New Hampshire Hubbard Center for Genome
Studies.

IV.C.12. Rapid Leaf Sample Preparation for PCR
A 0.5 cm2 leaf sample was crushed with a pipette tip in 40 µl of 0.25 M NaOH. Samples
were boiled for 30 sec and neutralized with 40 µl 0.25 N HCl and 20 µl buffer (0.5 M Tris-HCl
[pH 8.0], 0.25% [v/v] Nonidet P-40). Samples were boiled for an additional 2 min and stored at
4°C.

IV.C.13. RNA Isolation
Liquid grown Arabidopsis tissue was removed from growth media, blotted dry, and
stored at -80°C in 100 mg samples. RNA was isolated using the RNeasy Plant Mini Kit (Qiagen)
per manufacturer’s suggestions with the following modifications. Only one wash with RPE buffer
was performed, the membrane drying step was repeated, and RNA was eluted in 40 μl RNase
free water. Residual DNA was removed using TURBO DNA-free kit (Applied Biosystems) per
manufacturer’s suggestion and absence of amplifiable DNA was checked by PCR. Total RNA
was quantitated with a spectrophotometer (NanoDrop ND-1000; Thermo Fisher Scientific Inc.).
cDNA was produced using SuperScript III reverse transcriptase (Invitrogen) per manufacturer’s
suggestions.

IV.C.14. qPCR
Reactions were assembled in a MicroAmp™ Fast Optical 96-Well Reaction Plate
(Applied Biosystems) and contained 0.15 μM of each primer, 1x ABI Power SYBR Green Master
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Mix (Applied Biosystems) and 2 μl of cDNA sample. Real-time PCR was performed using a
7500 Fast Real-Time PCR System using the Standard Curve (Absolute Quantitation) assay and
Standard 7500 run mode. The thermal profile was 50°C for 2 min, 95°C for 10 min, and 40
cycles of 95°C for 15 sec and 60°C for 1 min.
Critical threshold (Ct) values were calculated by the SDS software component of the
7500 Fast Real-Time PCR System. The percent efficiency was calculated for all primers using E
= 10(-1/slope). The Pfaffl method (Pfaffl, 2001) was used to calculate the fold-change in
expression of a gene under control and experimental conditions. Statistical significance was
determined using a Tukey's test.
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IV.D. RESULTS AND DISCUSSION
IV.D.1. Mutant Population
An Arabidopsis thaliana population mutagenized with T-DNA was screened rather than a
population of chemically mutagenized seeds because it is easier to locate the position of the
T‑DNA mutagen in the genome compared to a point mutation. The T‑DNA population was
constructed by the Weigel lab using pSKI015 in the Columbia-7 genetic background and
contains approximately 21,520 lines (Weigel et al., 2000). This plasmid, pSKI015, was originally
constructed to induce over-expression of the gene adjacent to the site of T‑DNA insertion and
contains four 35S enhancer regions near the T-DNA right border. Despite the presence of the
enhancer region, an insertion could also cause a knockout mutation depending upon its location
and orientation in the genome. Therefore, this approach gives us the opportunity to find both
overexpressing and knockout mutants.

IV.D.2. Overview of Mutant Screen
The purpose of this screen was to find mutants which exhibited root skewing when
grown on a vertically orientated agar surface made of Na+-supplemented medium. When grown
on Na+-supplemented medium, the roots of wildtype plants grow slightly to the left and plant
roots that skewed more than wildtype to the left or right are considered skewing. To achieve this
goal, we devised a multi-step screen. The primary screen selected individual seedlings with left
or right root skewing phenotype and seeds from these individuals were collected. The
secondary screen confirmed the identified of the skewing seedlings and eliminated false
positives. The tertiary screen characterized the root skewing response to identify seedlings that
skewed only when grown in the presence of elevated levels of sodium salts. These lines were
further characterized to determine the mode of inheritance of the phenotype and to confirm that
the identified gene is responsible for the phenotype. T-DNA insertion sites from identified
mutants were determined using Thermal Asymmetric Interlaced PCR (TAIL‑PCR).
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IV.D.1.i. Summary of Primary Screen
The Columbia-7 T‑DNA collection of 21,520 T‑DNA insertion lines (Weigel et al., 2000).
includes multiple seed pools of 96 to 110 T‑DNA insertion lines each. About 1000 seeds were
provided for each T‑DNA insertion line pool and half of the seeds were used for the primary
screening. Seeds were surface sterilized, plated on SM + 50 mM NaCl, stratified for 3 d, and
grown for 7 d before evaluation. Approximately 138,000 seedlings from all 230 pools in the
Weigel collection were examined for root skewing. Seedlings were saved from 228 of the 230
pools of seeds. Most of these seedlings had roots that were left skewing while 18.5% were right
skewing. Seedlings were transferred to soil so that seeds could be collected for further
analysis. Out of the 2,294 seedlings saved from the primary screen, 1958 (85.4%) plants
yielded seeds. In addition to the root right and left skewing, seedlings exhibited other easily
noticeable phenotypes such as albinism, sterility, no lateral roots, thick roots, and light green
leaves.

IV.D.1.ii. Summary of Secondary Screen
The secondary screen was performed to recheck multiple offspring from the previously
identified seedlings for the previously observed root skewing phenotype. Most mutations are
recessive, so it was expected that the seedlings that skewed would be homozygous for the
mutation. Multiple seeds from an identified mutant were surface sterilized, plated on SM + 50
mM NaCl, stratified for 3 d, and grown for 7 d before the root phenotype was evaluated.
Approximately 800 of the 1958 putative mutants have been through the secondary screen which
has yielded 33 mutants (4.1%) with a repeatable root skewing phenotype (Table 7). The
majority of the progeny analyzed in the secondary screen had phenotypes that agreed with the
phenotype initially assigned in the primary screen with a few exceptions. Line 3814-4 had a
rightward root skewing phenotype in the primary screen but a leftward root skewing phenotype
in the secondary screen. This discrepancy might be due to a record keeping error. Lines
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Table 7. Root phenotype of putative mutants.
Seedlings were grown on SM + 50 mM NaCl in the primary screen. Seedlings that skewed left
or right were saved and their progeny rechecked on SM + 50 mM NaCl in the secondary screen.
Putative mutants were assigned a name based on the stock number from the original seed pool
(i.e., 0944-7 means seedling 7 from CS20944 screen). Putative mutant lines that were not
further characterized in the tertiary screen are highlighted in grey. Missing data is marked with
an X.

Putative
Mutant Line
0944-7
0944-12
0944-16
1355-7
1356-2
1358-10
1376-5
1396-2
1400-5
3095-5
3101-7
3102-2
3106-1
3108-3
3115-1
3122-3
3122-4
3126-1
3814-4
3816-1
3818-2
3828-5
3833-3
3833-4
3834-4
3835-3
3842-8
3844-1
3855-1
3855-3
3857-2
3857-3
3870-2

Primary Screen
Root Phenotype
right
right
left
left
left
left
left
left
right
right
left
left
left
X
left
left
left
left
right
right
right
left
left
left
right
left
left
left
right
left
left
left
left

Secondary Screen
Root Phenotype
right
right
left
left
left, straight
left, right
X
left
right
right
left
left
left
left, straight
left
left
left
left
left
straight, upside down, left
right
left
left
left
right
left
left
left
left, right, wavy
left, right, wavy
left
left
left
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3816-1, 3855-1, and 3855-3 showed more variation in root growth direction in the secondary
screen which could be due to the particular biological pathway being affected.
Each pool screened contained multiple seeds from each line and about 6 seed per line
were expected to be represented from the total number of seeds screened from each pool. This
redundancy is expected result in multiple mutants from a pool that carry the same mutation.
After confirming the phenotype in the secondary screen, multiple mutants were identified from
pool 0944, 3122, 3833, 3855, and 3857. While not completed, a complementation test can be
performed to determine whether putative mutants carry the same mutation. Based on the root
phenotype, potential complementation candidates are 0944-7 and 0944-12. Most of the multiple
mutants from the different lines had different phenotypes. It is important to note that 14.6% of
all identified lines in the primary screen did not produce seeds. This indicates that either not
enough seeds were screened from each pool or that the isolated seedling did not produce
seeds.

IV.D.1.iii. Summary of Tertiary Screen
The primary and secondary screens were designed to identify mutants whose roots
skewed to the left or right on sodium-supplemented medium. However, it is possible that we
identified mutants that skew independent of NaCl. The final goal of this mutant screen was to
identify mutants with a sodium-induced root skewing phenotype. To identify such mutants,
seedlings were grown on either SM, SM‑NaCl, SM‑KCl, SM‑NaNO3, or SM-mannitol. A
seedling was classified as possessing a sodium-induced root skewing phenotype if its roots
slanted slightly to the right on SM, skewed on either SM‑NaCl or SM‑NaNO3, and slanted on
SM‑KCl or SM-mannitol. Among the 33 putative mutants confirmed to have a root skewing
phenotype in the secondary screen, 26 were characterized in the tertiary screen (Table 8).
Fifteen of the 26 putative mutants had a sodium-induced root skewing phenotype and all were
leftward skewing and five of 26 were rightward skewing and non-sodium dependent mutants. In
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Table 8. Tertiary screen phenotypic classes.
Sodium-induced leftward root skewing phenotype
0944-16
1355-7
1356-2
1376-5
1396-2
3102-2
3106-1
3108-3
3816-1
3828-5
3833-4
3844-1
3857-2
3857-3
3870-2
Rightward root skewing (non sodium-induced) phenotype
0944-7
0944-12
1400-5
3095-5
3818-2
Reduced root skewing in presence of salt or osmoticum
3835-3
3855-1
3855-3
Sodium-sensitive phenotype
1358-10
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fact, these five mutants skewed right on SM in the absence of supplemented sodium and the
angle of skew was decreased on any supplemental media. Two of the 26 putative mutants had
tight curling roots when grown on SM. Similar to the right skewing roots, the curling phenotype
was decreased on salt or osmoticum. One seedling of the 26 exhibited a possible agravitropic
root response showed increased skewing and curling when exposed to KCl salts. Another
unexpected result was finding one putative mutant that was sensitive to sodium salts. Two of
the 26 putative mutants had skewing responses similar to wildtype and were false positives.

IV.D.1.iv. Summary of TAIL‑PCR
TAIL‑PCR was performed on 20 of the 33 mutants lines identified in the screen to locate
any amplifiable T‑DNAs. The nested TAIL‑PCR primers are specific to the left border and an
intact left border region is required to amplify product from the inserted T‑DNA (Fig. 25.A). The
degenerate primers used ranged from 64 to 256-fold degenerate (Table 6). The location of
amplifiable T‑DNAs was aligned to the Arabidopsis genome for 11 putative mutants (Fig. 25.B
and C, Tables 9 and 10). Five of the T‑DNAs were intragenic, while the remaining six T‑DNAs
were intergenic. For some putative mutants, products from TAIL‑PCR also aligned to pSKI015
right border region sequence indicating that this genome contained concatenated T‑DNAs.

IV.D.2. Lines Identified in the Mutant Screen
IV.D.2.i. Sodium-induced Leftward Root Skewing Phenotype
IV.D.2.i.a. 0944-16
The putative mutant 0944-16 was identified as a leftward root skewing mutant in the
primary screen and the leftward root growth was confirmed in the secondary screen (Fig. 26A).
The tertiary screen was performed to characterize the root response to different salts and
osmoticum (Fig. 26B). On SM, seedlings slanted slightly to the right. On SM‑NaCl and
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Figure 25. Workflow for TAIL-PCR.
A) Arabidopsis genomic DNA was extracted from seedlings. The T-DNA site is marked in
grey with the degenerate primers sites marked in blue. The Arabidopsis genome is black and
the locations of the degenerate primers are marked in orange. Primers used for round 1 PCR
(LB1 and degenerate) are shown as arrows and the resulting products are shown for Round
1. Round 2 uses Round 1 products as templates and LB2 and degenerate primers and the
resulting products are shown. Round 3 uses round 2 products as templates and LB3 and
degenerate primers and the resulting products are shown.
B) Products from Round 2 and 3 are separated on a gel. Products that show a size
difference are marked in blue asterisks.
C) Products marked with a blue asterisk generated sequence that aligned to the same
insertion site in At1g76050.
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Table 9. Mutants with intragenic T-DNA insertion sites.
GO biological processes annotation was from The Arabidopsis Information Resource (TAIR10).
Mutant
Line
1355-7

Unique
Locus ID
At1g75100

Name

GO Biological Processes

J-domain protein required for
chloroplast accumulation
response 1 (JAC1)

actin filament organization, cellular
response to blue light, chloroplast
accumulation movement, chloroplast
avoidance movement, receptor-mediated
endocytosis

1376-5

At1g76850

Exocyst complex component
(SEC5A)

Golgi to plasma membrane transport,
acceptance of pollen, exocyst assembly,
pollen germination, pollen tube growth

3126-1

At4g35240

Protein of unknown function

unknown

3816-1

At1g79480

Carbohydrate-binding X8
Domain

unknown

3857-3

At2g35795

Chaperone DNA J-domain
superfamily protein

Protein folding
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Table 10. Mutants with intergenic T-DNA insertion sites.
GO biological processes annotation was from The Arabidopsis Information Resource (TAIR10).

Upstream

Downstream

Mutant
Line
0944-16

Unique
Locus ID
At1g60890

Name

GO Biological Processes

GO Biological Processes

Phosphatidylinositol4-phosphate 5-kinase
(PIP5K)

U2 snRNP auxilliary
factor 65
(AtU2AF65b)

RNA splicing, mRNA
processing

3106-1

At2g04770

Transposable
element (CACTA-like
transposase family)

unknown

At2g04780

group A fasciclin-like
arabinogalactanprotein 7 (FLA7)

unknown

3111-11

At1g01070

Usually multiple acids
move in and out
transporter
(UMAMIT28)

amino acid
transmembrane export,
seed development

At1g01073

Protein of unknown
function

unknown

At1g79470

Aldolase-type TIM
barrel family protein

GMP biosynthetic process,
oxidation-reduction
process

At1g79480

Carbohydratebinding X8 domain

unknown

3816-1

At3g29030

Expansin 5
(AtEXP5A)

plant-type cell wall
loosening, plant-type cell
wall modification involved
in multidimensional cell
growth, plant-type cell wall
organization, primary root
development,
unidimensional cell growth

At3g29032

Transposable
element (Copia-like
retrotransposon
family)

unknown

3833-4

At1g67610

Pseudogene

Unknown

At1g67620

Protein of unknown
function

unknown

3857-2

At2g28605

PsbP domain-OEC23
like protein (PPD2)

photosynthesis

At2g28610

Wuschel related
homeobox 3
(WOX3)/pressed
flower (PRS)

adaxial/abaxial axis
specification, animal organ
development, cell
differentiation, cell
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Name

unknown

Unique
Locus ID
At1g60900
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proliferation, centrolateral
axis specification, flower
development, regulation of
transcription, DNAtemplated, stipule
development,
transcription, DNAtemplated
At2g34250

Alpha subunit of
Sec61/SecY Protein
Transport Family
Protein

protein secretion, protein
transport
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At2g34260

WD40 repeat
(WDR55)

determination of bilateral
symmetry, developmental
vegetative growth, embryo
development ending in
seed dormancy, embryo
sac development,
endosperm development,
polar nucleus fusion,
ribosomal large subunit
biogenesis

Figure 26. 0944-16 secondary and tertiary screens.
A) Progeny from 0944-16 plants identified from primary screen. Seedlings were germinated
on SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 0944-16
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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SM‑NaNO3, 0944-16 seedlings roots skewed to the left. Seedlings grown on SM‑KCl grew
rightward or leftward, indicating that exposure to additional KCl did not induce a directional root
response. On SM-mannitol, seedlings grew straight and very little deviation to the left or right
was observed. Thus, the tertiary results indicated that the root skewing was in response to
sodium salts, similar to the subset of PP2A A and C subunit mutants that skew. Unlike the A
and C subunit mutants, the root skewing response of 0944-16 was visually weaker.
Seeds of 0944-16 were directly sown in soil-less potting medium and the shoots of
0944-16 were observed after 3 and 5 weeks of growth (Fig. 27). At 3 weeks, plants appeared
slightly less green when compared to wildtype seedlings (Fig. 27A). However, at 5 weeks the
0944-16 leaves were visually identical to the wildtype leaves (Fig. 27B).
TAIL‑PCR was performed on DNA extracted from 0944-16 seedlings to determine the
position of any amplifiable T‑DNAs (Fig. 28). Multiple candidate TAIL‑PCR products were
sequenced and one product yielded sequence that aligned to the intergenic region between
At1g60890 and At1g60900 (Fig. 28, B and C). At1g60890 encodes a B type
phosphatidylinositol-4-phosphate 5-kinase family protein (AtPIP5K8) that catalyzes the addition
of phosphate to phosphatidylinositol (Mueller-Roeber and Pical, 2002). At1g60900 encodes the
large subunit of U2 snRNP auxilliary factor 65 (AtU2AF65b) and is involved in mRNA splicing
(Jang et al., 2014).
Since the T‑DNA is inserted in an intergenic region, we hypothesized that the internal
35S promoter within the T-DNA might upregulate a flanking gene. RNA was extracted from
liquid grown seedlings and used for qPCR. qPCR showed that the expression of At1g60890 and
At1g60900 in 0944-16 were not changed when compared to wildtype (Fig. 29). Our data
indicate that the T‑DNA inserted between At1g60890 and At1g60900 likely does not change the
expression levels of these two genes.
Next, the mode of inheritance was determined for the mutation in 0944-16. Wildtype
ecotype Columbia-0 were crossed to 0944-16 ecotype Columbia-7 to generate F1 seeds. The F1
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Figure 27. Shoot phenotype of 0944-16.
0944-16 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C
with 16 h photoperiod.
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Figure 28. TAIL-PCR results for 0944-16.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Blue asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase, lowercase and underlined sequence is of unknown origin, and
uppercase and bold sequence is sequence from the left border (LB) region of pSKI015.
C) Gene model contains grey boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the T-DNA (not to scale).

162

Figure 29. The effect of the T-DNA on transcript abundance of At1g60890 and
At1g60900.
Wildtype and 0944-16 seedlings were grown in liquid culture. RNA was isolated and qPCR
was performed on At1g60890 and At1g60900. Primers (Table 1) for At1g60890 are located
in the coding region near the stop codon and in the coding region near the start codon for
At1g60900. Values represent the mean and SE of two biological replicates.
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seeds were characterized using the F1 assay conditions and root angles were measured (Fig.
30). The angle of F1 seedling roots were significantly different from wildtype ecotype Columbia0 and 0944-16 ecotype Columbia-7, potentially indicating semi-dominance (Fig. 30B). The F1
assay provided another opportunity to observe the 0944-16 sodium-induced root skewing
phenotype. The range for 0944-16 root skewing overlapped with the range for wildtype
Columbia-0, which made it difficult to visually differentiate between 0944-16 and wildtype
Columbia-0. Determining the site of the mutation that caused the root skewing would likely
require mapping which would be challenging due to the difficulty differentiating 0944-16 from
wildtype. After further characterization, the 0944-16 mutant was classified as a weak leftward
skewer.
Other alleles of At1g60890 (Salk_040022) and At1g60900 (Salk_055049) were obtained
from the Salk T-DNA collection (Alonso et al., 2003) and tested in the sodium-induced root
skewing assay using the F1 assay conditions (Fig. 31). These lines were not genotyped to
determine whether they were homozygous or heterozygous for the insertion. The Salk_040022
seeds were of unknown genotype, so it is possible that this line was segregating or homozygous
for the T‑DNA located in At1g60890. The seeds were assayed to generate preliminary data to
determine if any of the seedlings roots skewed. The Salk_055049 seeds were expected to be
homozygous for the T‑DNA insertion in At1g60900. Results indicate that neither purchased
T‑DNA mutants roots skewed.
Taken together, it is unlikely that At1g60890 or At1g60900 are involved in the sodiuminduced root response. It is possible that another unknown mutation in the genome causes this
phenotype. Determining the site of the mutation that causes the root skewing would likely
require mapping which would be challenging due to the difficulty differentiating 0944-16 from
wildtype
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Figure 30. F1 assay results for 0944-16.
The F1 assay was performed using wildtype Columbia-0, 0944-16, and wildtype Columbia-0 x
0944-16 F1 seeds. Three d-old seedlings were transferred to SM-NaCl and grown for an
additional 7 d. A) Representative F1 assay results. B) Angle that the root deviated from the
vertical was measured and data was graphed as a box plot. Significance was determined by
Tukey HSD of 2 trials; p < 0.001 (wildtype n = 44; F1 n = 54; 0944-16 n = 31).
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Figure 31. Root phenotype of seedlings from potential mutants in At1g60890 and
At1g60900.
T-DNA lines were obtained from The Arabidopsis Information Resource. Using the F1 assay
conditions, 3 d-old seedlings of Salk_040022 and Salk_055049 were transferred to SM-NaCl
and grown for an additional 7 d. Seedlings were photographed through the agar.
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IV.D.2.i.b. 1355-7
The putative mutant 1355-7 was first identified from the primary screen as a leftward root
skewer. The secondary screen confirmed that 1355-7 roots skewed to the left (Fig. 32A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 32B). On SM, 1355-7 seedling roots were straight. On SM‑NaCl and SM‑NaNO3, roots
skewed to the left. SM‑KCl resulted in leftward skewing that was weaker compared to sodium
salts. Seedlings grown on SM-mannitol had roots that were almost straight. The tertiary screen
results indicate that 1355-7 root skewing is responsive to sodium salts.
Seeds were directly sown in soil-less potting medium and grown to observe shoots and
inflorescences after 3 and 5 weeks after germination (Fig. 33). Leaves of 1355-7 appeared less
green compared to wildtype at both 3 and 5 weeks of age.
TAIL‑PCR was performed on DNA extracted from 1355-7 to determine the position of
any amplifiable T‑DNAs (Fig. 34). A T‑DNA was found in the 5ʹ UTR of At1g75100 (Fig. 34, B
and C). At1g75100 encodes a J-domain protein (JAC1) required for the chloroplast
accumulation response 1 (Suetsugu et al., 2005). JAC1 is an auxilin-like protein that contains a
J-domain. Typical molecular functions of auxilins are to interact with chaperone proteins and
remove clatherin from vesicles before the vesicles fuse to their target membrane. Based on
microarray data, JAC1 is expressed in shoots but not in roots (Schmid et al., 2005).
The T‑DNA, pSKI015, used as the mutagen in the screened population contains four
repeats of the 35S promoter at the right border region (Weigel et al., 2000). If the right border is
intact and located near the At1g75100 coding region, then it is possible that At1g75100
expression is upregulated. Relative transcript abundance was determined for At1g75100 as
well as the upstream gene At1g75110 (Fig. 35). RNA was extracted from seedlings grown in
liquid culture and used for qPCR. qPCR showed that the expression of At1g75100 was
upregulated in 1355-7 and At1g75110 expression was the same in wildtype and 1355-7. This
result is consistent with the inserted pSKI015 T‑DNA upregulating At1g75100.
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Figure 32. 1355-7 secondary and tertiary screens.
A) Progeny from 1355-7 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 1355-7
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 33. Shoot phenotype of 1355-7.
1355-7 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C with
16 h photoperiod.
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Figure 34. TAIL-PCR results for 1355-7.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Blue asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase, lowercase and italics sequence is untranslated region, and
uppercase and bold sequence is sequence from the left border (LB) region of pSKI015.
C) Gene model contains black boxes for coding region and grey boxes for untranslated
regions. Thin gray lines are introns and the thin black lines are intergenic regions. The TDNA insertion site is indicated with a triangle (not to scale).
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Figure 35. The effect of the T-DNA on transcript abundance of At1g75100 and
At1g75110.
Wildtype and 1355-7 seedlings were grown in liquid culture. RNA was isolated and qPCR was
performed on At1g75100 and At1g75110. Primers (Table 1) for At1g75100 and At1g75110
are located in the coding region near the stop codon. Values represent the mean and SE of
two biological replicates.
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This T‑DNA mutant was isolated previously from another mutant screen to identify
seedlings that are resistant to aluminum and was subsequently named #355-2 (Ezaki et al.,
2007). Ezaki et al. (2007) determined that the At1g75100 gene was upregulated. Seedlings
overexpressing the At1g75100 cDNA had similar phenotypes to the #355-2 mutant but
seedlings lacking At1g75100 expression did not have the same phenotype. Southern analysis
was performed by Ezaki et al. (2007) and they determined that one T‑DNA was present in the
genome. While inheritance was not tested in their manuscript, it can be assumed that this
phenotype is inherited in a dominant fashion because the phenotype is conferred through
overexpression. Recessive mutants in JAC1 gene have defects in chloroplast movement. The
jac1-1 and jac1-2 mutants have point mutations or small deletions, respectively, in the JAC1
gene that result in a premature stop codon (Suetsugu et al., 2005).
Next, we determined the mode of inheritance for 1355-7 root skewing phenotype.
Wildtype ecotype Columbia-0 were crossed to 1355-7 ecotype Columbia-7 to generate F1
seeds. The resulting F1 seeds were characterized using the F1 assay conditions and root angles
were measured (Fig. 36). The angle of F1 seedling roots were significantly different from 1355-7
ecotype Columbia-7 and indistinguishable from wildtype ecotype Columbia-0 indicating
recessive inheritance (Fig. 36B). The F2 generation seeds were saved from assayed F1 plants
and the F2 generation was assayed using the F2 assay conditions. The F2 seedlings were
classified as either skewers or non-skewers. Due to the recessive inheritance determined from
the F1 generation, a 1:3 ratio was expected for skewers versus non-skewers. Seventeen out of
107 seedlings skewed and the ratio of skewers versus non-skewers was 1:5.3. A p value of less
than 0.05 was calculated by chi square test with an expected ratio of 1:3 and one degree of
freedom. This result indicated that the non-skewers were over-represented in our sample which
could be due to the small sample size. This F2 population was not genotyped to determine if the
known T‑DNA in At1g75100 segregated with the root skewing phenotype.
A T‑DNA, SAIL 574_B09, inserted in At1g75100 from the Syngenta Arabidopsis
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Figure 36. F1 assay results for 1355-7.
The F1 assay was performed using wildtype Columbia-0, 1355-7, and wildtype Columbia-0 x
1355-7 F1 seeds. Three d-old seedlings were transferred to SM-NaCl and grown for an
additional 7 d. A) Representative F1 assay results. B) Angle that the root deviated from the
vertical was measured and data was graphed as a box plot. Significance was determined by
Tukey HSD of 2 trials; p < 0.001 (wildtype n = 60; F1 n = 64; 1355-7 n = 58).
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Insertion Library (SAIL) T-DNA collection was tested in the sodium-induced root skewing assays
using the F1 assay conditions (Fig. 37). Seedlings were not genotyped to determine if they were
homozygous or heterozygous for the expected T-DNA insert. None of the assayed seedlings
roots skewed on SM‑NaCl.
Taken together, it is unlikely that the identified T‑DNA is responsible for the sodiuminduced root skewing phenotype and that there is another unidentified aberration in the genome.

IV.D.2.i.c. 1356-2
The putative mutant 1356-2 was identified as a leftward root skewer in the primary
screen. The secondary screen showed both straight roots and roots that skewed to the left (Fig.
38A). The tertiary screen was performed to characterize the root response to different salts and
osmoticum (Fig. 38B). On SM, seedlings grew to the right. On SM‑NaCl and SM‑NaNO3,
seedlings skewed slightly to the left. On SM‑KCl, seedlings skewed in either direction. On SMmannitol, seedlings roots grew straight. The tertiary screen results indicate that 1356-2 root
skewing is responsive to sodium salts but the root response is very week.

IV.D.2.i.d. 1376-5
The putative mutant 1376-5 was identified as a leftward root skewing mutant in the
primary screen. Secondary screen confirmed that 1376-5 roots skew to the left (data not
shown). The tertiary screen was performed to characterize the seedling’s root response to
different salts and osmoticum (Fig. 39). On SM, 1376-5 seedlings skewed slightly to the left or
grew straight. On SM‑NaCl and SM‑NaNO3, seedlings skewed to the left and the assayed
seedlings exhibited different phenotypic strength. On SM‑KCl, seedlings skewed to the left or
right. Seedlings grown on SM-mannitol skewed slightly to the left. The putative mutant 1376-5
was classified as a sodium-induced root skewer.
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Figure 37. Root phenotype of seedlings from potential mutant in At1g75100.
T-DNA lines were obtained from The Arabidopsis Information Resource. Using the F1 assay
conditions, 3 d-old seedlings of SAIL 574_B09 were transferred to SM-NaCl and grown for an
additional 7 d. Seedlings were photographed through the agar.
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Figure 38. 1356-2 secondary and tertiary screens.
A) Progeny from 1356-2 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 1356-2
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 39. 1376-5 tertiary screen.
In the tertiary screen, 3 d-old 1376-5 seedlings grown on SM were transferred to SM or SM
supplemented with 75 mM NaCl, 75 mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d
of growth, seedlings were photographed through the agar.
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Seeds were directly sown in soil-less potting medium and grown to observe shoots and
inflorescences after 3 and 5 weeks after germination (Fig. 40). Leaves of 1376-5 were visually
identical to the wildtype leaves at both 3 and 5 weeks.
TAIL‑PCR was performed on DNA extracted from 1376-5 seedlings to determine the
position of any amplifiable T‑DNAs. Multiple products were generated and sequenced (Fig.
41A). Two products yielded sequence that aligned to an intron in At1g76850 (Fig. 41, B and C).
At1g76850 encodes SEC5A that is a subunit of the exocyst complex (Zarsky et al., 2013). The
exocyst complex is involved in targeting vesicles during trafficking to the plasma membrane.
SEC5A is expressed in the roots and shoots throughout development and the mRNA is mobile
(Thieme et al., 2015).
The mode of inheritance was determined for the 1376-5 root skewing phenotype.
Wildtype ecotype Columbia-7 were crossed to 1376-5 ecotype Columbia-7 to generate F1
seeds. The F1 seeds were characterized using the F1 assay conditions and root angles were
measured (Fig. 42). The angle of F1 seedling roots were significantly different from 1376-5
ecotype Columbia-7 and indistinguishable from wildtype ecotype Columbia-7 indicating
recessive inheritance (Fig. 42B). The F2 generation seeds were saved from assayed F1 plants
and the F2 generation was assayed using the F2 assay conditions. The F2 seedlings were
classified as either skewers or non-skewers and a 1:3 ratio was expected for skewers versus
non-skewers. Fourteen out of 36 seedlings skewed and the ratio of skewers versus nonskewers was 1:1.6. A P value of greater than 0.05 was calculated by chi square test with an
expected ratio of 1:3 and one degree of freedom. This result correlates with the recessive mode
of inheritance determined from the F1 generation. This F2 population was not genotyped to
determine if the known T‑DNA in At1g76850 segregated with the root skewing phenotype.

IV.D.2.i.e. 1396-2
The putative mutant 1396-2 was identified as a leftward root skewer in the primary
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Figure 40. Shoot phenotype of 1376-5.
1376-5 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C with
16 h photoperiod.
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Figure 41. TAIL-PCR results for 1376-5.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Blue asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intron is
lowercase, lowercase and underlined sequence is unknown, and uppercase and bold
sequence is sequence from the left border (LB) region of pSKI015.
C) Gene model contains black boxes for coding region and grey boxes for untranslated
regions. Thin gray lines are introns. The T-DNA insertion site is indicated with a triangle (not
to scale).
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Figure 42. F1 assay results for 1376-5.
The F1 assay was performed using wildtype Columbia-0, 1376-5, and wildtype Columbia-0 x
1376-5 F1 seeds. Three d-old seedlings were transferred to SM-NaCl and grown for an
additional 7 d. A) Representative F1 assay results. B) Angle that the root deviated from the
vertical was measured and data was graphed as a box plot. Significance was determined by
Tukey HSD of 2 trials; p < 0.001 (wildtype n = 48; F1 n = 46; 1376-5 n = 40).
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screen. Secondary screen results confirmed that 1396-2 roots skew to the left (Fig. 43A). The
tertiary screen was performed to characterize the seedling’s root response to different salts and
osmoticum (Fig. 43B). On SM, 1396-2 seedlings skewed slightly to the left or grew straight. On
SM‑NaCl and SM‑NaNO3, seedlings skewed to the left and there was variation in the strength of
the skewing response. On SM‑KCl, seedlings skewed to the left or right. Seedlings grown on
SM-mannitol skewed slightly to the left. The putative mutant 1396-2 was classified as a sodiuminduced root skewer.

IV.D.2.i.f. 3102-2
The putative mutant 3102-2 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3102-2 roots skew to the left (Fig. 44A). The
tertiary screen was performed to characterize the seedling’s root response to different salts and
osmoticum (Fig. 44B). On SM, 3102-2 seedlings skewed slightly to the right. On SM‑NaCl and
SM‑NaNO3, seedlings skewed to the left. On SM‑KCl, seedlings skewed to the left or right and
root length was reduced. Seedlings grown on SM-mannitol skewed slightly to the left. The
putative mutant 3102-2 was classified as a sodium-induced root skewer.

IV.D.2.i.g. 3106-1
The putative mutant 3106-1 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3106-1 roots skew to the left (Fig. 45A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 45B). On SM, 3106-1 seedlings skewed slightly to the right or grew straight. On SM‑NaCl
and SM‑NaNO3, seedlings skewed to the left. On SM‑KCl, seedlings skewed to the left or right
and root length was reduced. Seedlings grown on SM-mannitol displayed straight roots. The
putative mutant 3106-1 was classified as a sodium-induced root skewer.
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Figure 43. 1396-2 secondary and tertiary screens.
A) Progeny from 1396-2 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 1396-2
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 44. 3102-2 secondary and tertiary screens.
A) Progeny from 3102-2 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3102-2
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 45. 3106-1 secondary and tertiary screens.
A) Progeny from 3106-1 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3106-1
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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TAIL‑PCR was performed on DNA extracted from 3106-1 seedlings to determine the position of
any amplifiable T‑DNAs. Multiple products were generated that were good candidates for
sequencing (Fig. 46A). The sequence from one product generated aligned to the intergenic
region between At2g04770 and At2g04780. At2g04770 encodes a CACTA-like transposase
(Fig. 46, B and C). At2g04780 encodes a group A fasciclin-like arabinogalactan-protein 7
(FLA7) that contains an N-terminal excretion signal, one cellular adhesion fasciclin domain, two
arabinogalactan domains, and one C-terminal glycosylphosphatidylinositol (GPI) anchor signal
(Johnson et al., 2011). FLA proteins are O-glycosylated and are localized to the plasma
membrane.

IV.D.2.i.h. 3108-3
The putative mutant 3108-3 was identified in the primary screen but the skewing
direction was not recorded. Secondary screen results showed that the 3108-3 roots skewed
weekly to the left (Fig. 47A). The tertiary screen was performed to characterize the root
response to different salts and osmoticum (Fig. 47B). On SM, 3108-3 seedlings skewed slightly
to the right. On SM‑NaCl, seedlings skewed to the left. On and SM‑NaNO3, seedlings grew
straight or skewed to the left indicating that 3108-3 has a stronger response to SM‑NaCl. On
SM‑KCl, seedlings skewed to the left or right. Seedlings grown on SM-mannitol displayed
straight roots. The putative mutant 3108-3 was classified as a weak sodium-induced root
skewer.

IV.D.2.i.i. 3816-1
The putative mutant 3816-1 was identified as a rightward root skewer in the primary
screen. Secondary screen results showed that 3816-1 roots growth was highly variable (Fig.
48A). The tertiary screen was performed to characterize the root response to different salts and
osmoticum (Fig. 48B). On SM, 3816-1 seedlings grew straight. On SM‑NaCl and SM‑NaNO3,
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Figure 46. TAIL-PCR results for 3106-1.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Blue asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase, lowercase and underlined sequence is unknown. No sequence
aligned to the left border (LB) region of pSKI015.
C) Gene model contains blue boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the T-DNA (not to scale).
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Figure 47. 3108-3 secondary and tertiary screens.
A) Progeny from 3108-3 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3108-3
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 48. 3816-1 secondary and tertiary screens.
A) Progeny from 3816-1 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3816-1
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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seedlings skewed to the left. The 3816-1 seedlings were sensitive to KCl and root growth was
inhibited. On SM-mannitol, seedlings grew straight. The roots of 3816-1 were shorter on all
experimental media tested. The putative mutant 3816-1 was classified as a sodium-induced root
skewer. Many of the 3816-1 showed red hue in their shoots which is often the result of
accumulated anthocyanin. However, this accumulation was not consistent across every
observation of 3816-1 indicating incomplete penetrance.
Seeds of 3816-1 were directly sown on soil-less potting mix and observed after 3 and 5
weeks after germination (Fig. 49). The rosette area of 3816-1 appeared smaller than wildtype at
3 and 5 weeks old. No difference was observed in leaf greenness of 3816-1 compared to
wildtype.
TAIL‑PCR was performed on DNA extracted from 3816-1 seedlings to determine the
position of any amplifiable T‑DNAs. Multiple TAIL‑PCR products were generated and prepared
for sequencing (Fig. 50A). Two T‑DNA insertion sites were detected. One sequence aligned to
the intergenic region between At3g29030 and At3g29032 and three sequences aligned to an
exon in At1g79480 (Fig. 50, B to E). At3g29030 gene encodes an α-expansin 5 (EXPA5).
Expansin contain a GH45-like domain and a second domain that is similar to group-2 grass
pollen allergens (Kende et al., 2004). The function of α-expansin proteins is to loosen the cell
wall during growth in a pH-dependent manner (Cosgrove, 2015). At3g29032 is a Ty1 copia-like
retrotransposon. At1g79480 is a member of carbohydrate-binding module family 43 and OGlycosyl hydrolases family 17 protein. This protein contains a X8 domain and is involved in the
breakdown of carbohydrates (Henrissat and Davies, 2000; Henrissat et al., 2001).
The putative mutant 3816-1 was chosen for further investigation because we identified a
T‑DNA near At1g79480 in another putative mutant. The putative mutant 3111-11 was identified
as a leftward root skewing mutant (data not shown). Secondary screen was not performed on
3111-11 because this plant was sterile. DNA was isolated from leaves and TAIL‑PCR results
showed that there was a T‑DNA located between At1g79470 and At1g79480 (data not shown).
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Figure 49. Shoot phenotype of 3816-1.
3816-1 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C with
16 h photoperiod.
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Figure 50. TAIL-PCR results for 3816-1.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products. Blue asterisks mark the bands that generated the sequence
for B and C and green asterisks mark the band that generated sequence for D and E.
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B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). The exon
is uppercase. Lowercase and underlined sequence is unknown. Uppercase and bold
sequence is sequence from the left border (LB) region of pSKI015.
C) Gene model contains black boxes for coding region and grey boxes for untranslated
regions. Thin gray lines are introns. The T-DNA insertion site is indicated with a triangle (not
to scale).
D) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase, lowercase and underlined sequence is unknown. Uppercase and bold
sequence is sequence from the left border (LB) region of pSKI015.
E) Gene model contains green boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the T-DNA (not to scale).
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The 3816-1 seedlings grown on SM-NaCl have skewed roots, short roots, and red hue in
the shoots. We determined the mode of inheritance for these three phenotypes. Wildtype
ecotype Columbia-7 were crossed to 3816-1 ecotype Columbia-7 to generate F1 seeds. The
resulting F1 seeds were characterized using the F1 assay conditions and root angles were
measured (Fig. 51). The F1 seedlings root angle and root length was significantly different from
3816-1 ecotype Columbia-7 and indistinguishable from wildtype ecotype Columbia-7 indicating
recessive inheritance for skewing roots and short roots (Fig. 51, B and C). None of the F1
seedlings showed red hue in the shoots thus the red shoot trait is inherited recessively.
The F2 generation was phenotyped for root angle, root length, and shoot color. The F2
generation seeds were saved from assayed F1 plants and the F2 generation was assayed using
the F2 assay conditions. The resulting phenotypic ratio data was analyzed with a chi square
goodness of fit test and each phenotype was segregating as expected in a 1:3 ratio for a
recessive:dominant trait. Next, we determined if any traits associated or segregated
independently by analyzing combinations of root length/shoot color, root length/root angle, and
shoot color/root angle. Four phenotypic classes were expected for root length/shoot color but
no seedlings were observed that had red shoots and long roots. Short roots did not completely
associate with red shoots which could be due to incomplete penetrance of the red shoot
phenotype. For root length/root angle and shoot color/root angle, the four expected classes
were observed. A chi square goodness of fit test was used to determine if the two traits
segregated independently. Both root length/root angle and shoot color/root angle failed the chi
square goodness of fit test, but this could be due to the small sample size of 69 seedlings.
Taken together, it is likely that the root angle is at a different genetic loci from the root length
and shoot phenotype. This F2 population was not genotyped to determine if the known T‑DNA
in 3816-1 associated with the observed root or shoot traits.
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Figure 51. F1 assay results for 3816-1.
The F1 assay was performed using wildtype Columbia-0, 3816-1, and wildtype Columbia-0 x
3816-1 F1 seeds. Three d-old seedlings were transferred to SM-NaCl and grown for an
additional 7 d. A) Representative F1 assay results. Significance was determined by Tukey
HSD of 2 trials; p < 0.001 (wildtype n = 55; F1 n = 52; 3816-1 n = 60). B) Angle that the root
deviated from the vertical was measured and data was graphed as a box plot. C) Root length
was measured from the transfer point to the root tip.
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IV.D.2.i.j. 3828-5
The putative mutant 3828-5 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3828-5 roots skew to the left (Fig. 52A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 52B). On SM, 3828-5 seedlings grew straight. On SM‑NaCl and SM‑NaNO3, seedlings
skewed to the left. The 3828-5 seedlings root growth was inhibited on SM‑KCl and skewing
direction was not determined. The roots of seedlings grown on SM-mannitol skewed slightly to
the left or right. The putative mutant 3828-5 was classified as a sodium-induced root skewer.
Seeds were directly sown in soil-less potting medium and grown to observe shoots and
inflorescences after 3 and 5 weeks after germination (Fig. 53). The leaves of 3828-5 were less
green compared to wildtype at 3 and 5 weeks-old. These plants bolted later than wildtype and
exhibited more flowers at the inflorescence apex indicating a floral meristem defect (data not
shown).
TAIL‑PCR was performed on DNA extracted from 3828-5 seedlings to determine the
position of any amplifiable T‑DNAs. Repeated attempts at TAIL‑PCR only generated sequence
that aligned to the pSKI015 plasmid (data not shown). This result indicates that a concatenated
T‑DNA present in the 3828-5 genome. However, this result does not provide a clue as to the
location of any T‑DNAs in the genome.

IV.D.2.i.k. 3833-4
The putative mutant 3833-4 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3833-4 roots skew to the left (Fig. 54A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 54B). On SM, 3833-4 seedlings skewed slightly to the left or grew straight. On SM‑NaCl
and SM‑NaNO3, seedlings skewed to the left. On SM‑KCl, seedlings skewed to the left or right.
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Figure 52. 3828-5 secondary and tertiary screens.
A) Progeny from 3828-5 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3828-5
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.

197

Figure 53. Shoot phenotype of 3828-5.
3828-5 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C with
16 h photoperiod.
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Figure 54. 3833-4 secondary and tertiary screens.
A) Progeny from 3833-4 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3833-4
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Seedlings grown on SM-mannitol skewed straight. The putative mutant 3833-4 was
classified as a sodium-induced root skewer. Seeds were directly sown in soil-less potting
medium and grown to observe shoots and inflorescences after 3 and 5 weeks after germination
(Fig. 55). No difference in leaf or shoot appearance was observed when 3833-4 was compared
to wildtype.
TAIL‑PCR was performed on DNA extracted from 3833-4 seedlings to determine the
position of any amplifiable T‑DNAs. Multiple TAIL‑PCR products were generated and prepared
for sequencing (Fig. 56A). Generated sequences either aligned to the intergenic region between
At1g67610 and At1g67620 (Fig. 56, B and C) or right border region of pSKI015 (Fig. 56D).
At1g67610 is a pseudogene. At1g67620 is a protein of unknown function that is classified as a
Lojap-related protein.

IV.D.2.i.l. 3844-1
The putative mutant 3844-1 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3844-1 roots skew to the left (Fig. 57A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 57B). On SM, 3844-1 seedlings grew straight. On SM‑NaCl and SM‑NaNO3, seedlings
skewed to the left. The 3844-1 seedlings root growth was inhibited on SM‑KCl and skewing
direction was not determined. The roots of seedlings grown on SM-mannitol skewed slightly to
the left or right. The putative mutant 3844-1 was classified as a sodium-induced root skewer. In
addition, 3844-1 plants bolt weeks later than wildtype.

IV.D.2.i.m. 3857-2
The putative mutant 3857-2 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3857-2 roots skew to the left (Fig. 58A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
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Figure 55. Shoot phenotype of 3833-4.
3833-4 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C with
16 h photoperiod.
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Figure 56. TAIL-PCR results for 3833-4.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products. Blue asterisks mark the bands that generated the sequence
for B and C and yellow asterisks mark the band that generated sequence for D.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase, lowercase and underlined sequence is unknown. Uppercase and bold
sequence is sequence from the left border (LB) region of pSKI015.
C) Gene model contains blue boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the T-DNA (not to scale).
D) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6) and
aligned to the RB region of pSKI015.

202

Figure 57. 3844-1 secondary and tertiary screens.
A) Progeny from 3844-1 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3844-1
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 58. 3857-2 secondary and tertiary screens.
A) Progeny from 3857-2 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3857-2
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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(Fig. 58B). On SM, 3857-2 seedlings skewed slightly to the right or grew straight. On SM‑NaCl
and SM‑NaNO3, seedlings skewed to the left. On SM‑KCl, seedlings root growth was stunted
and skewing direction was not determined. The roots of seedlings grown on SM-mannitol grew
straight. The putative mutant 3857-2 was classified as a sodium-induced root skewer.
TAIL‑PCR was performed on DNA extracted from 3857-2 seedlings to determine the
insertion site of any amplifiable T‑DNAs. Multiple TAIL‑PCR products were produced and
sequenced (Fig. 59A). Two sequences aligned to the intergenic region between At2g28605 and
At2g28610 (Fig. 59, B and C). At2g28605 encodes a PsbP domain-OEC23 like protein (PPD2)
that is localized to the thylakoid (Giacomelli et al., 2006). PPD2 is expressed in shoots not roots
(Schmid et al., 2005). At2g28610 encodes WUSCHEL RELATED HOMEOBOX 3
(WOX3)/PRESSED FLOWER(PRS) and is expressed in shoots (Costanzo et al., 2014).
Flowers of the wox3/prs mutants are small and flattened. One sequence generated from a
TAIL‑PCR product aligned to the intergenic region of At2g34250 and At2g34260 (Fig. 59, D and
E). At2g34250 encodes the alpha subunit of Sec61/SecY which transports proteins across the
membrane and the transport is hydrolysis driven. Expression of At2g34250 was induced during
NaCl stress (Gong et al., 2001). At2g34260 encodes WDR55 which contains five WD40 repeats
(Bjerkan et al., 2012). The wdr55-1 allele is strong and homozygous mutants are embryonic
lethal. Seedlings homozygous for the weaker allele, wrd55-2, exhibit severe developmental
defects (Bjerkan and Grini, 2013).

IV.D.2.i.n. 3857-3
The putative mutant 3857-3 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3857-3 roots skew to the left (Fig. 60A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 60B). On SM, 3857-3 seedlings skewed slightly to the right or grew straight. On SM‑NaCl
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Figure 59. TAIL-PCR results for 3857-2.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Black dots indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products. Blue asterisks mark the bands that generated the
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sequence for B and C and green asterisks mark the band that generated sequence for D and
E.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase, lowercase and underlined sequence is unknown. No sequence
aligned to the left border (LB) region of pSKI015.
C) Gene model contains blue boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the identified T-DNA (not
to scale).
D) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase. LB sequence is highlighted in grey. Uppercase and bold sequence is
sequence from the left border (LB) region of pSKI015.
E) Gene model contains green boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the identified T-DNA (not
to scale).
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Figure 60. 3857-3 secondary and tertiary screens.
A) Progeny from 3857-3 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3857-3
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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and SM‑NaNO3, seedlings skewed to the left. On SM‑KCl, seedlings root growth was stunted
and skewing direction was not determined. Seedlings grown on SM-mannitol grew straight.
The putative mutant 3857-3 was classified as a sodium-induced root skewer.
TAIL‑PCR was performed on DNA extracted from 3857-3 seedlings to determine the
insertion site of any amplifiable T‑DNAs. Multiple TAIL‑PCR products were produced and
sequenced (Fig. 61A). Two sequences aligned to the 3ʹ UTR of At2g35795 (Fig. 61, B and C).
At2g35795 encodes a chaperone protein with a DnaJ-domain at the amino terminus. Three
sequences aligned to the right border region of pSKI015 indicating that the 3857-3 genome
contains a concatenated T‑DNA (Fig. 61D).

IV.D.2.i.o. 3870-2
The putative mutant 3870-2 was identified as a leftward root skewer in the primary
screen. Secondary screen results confirmed that 3870-2 roots skew to the left (Fig. 62A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 62B). On SM, 3870-2 seedlings skewed slightly to the right. On SM‑NaCl and SM‑NaNO3,
seedlings skewed to the left. On SM‑KCl and SM-mannitol, seedlings grew straight. The
putative mutant 3870-2 was classified as a sodium-induced root skewer.

IV.D.2.ii. Rightward Root Skewing (Non-sodium-induced) Phenotype
IV.D.2.ii.a. 0944-7
The putative mutant 0944-7 was identified as rightward root skewer in the primary
screen and the rightward root skewing was confirmed in the secondary screen (Fig. 63A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 63B). On SM, the roots skewed stronger to the right when compared to root skewing on
SM supplemented with salt. Seedling roots grown on SM‑NaCl, SM‑KCl, or SM‑NaNO3
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Figure 61. TAIL-PCR results for 3857-3.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide (upper). Round 3 of TAIL-PCR products were produced
again and run on a separate 1% agarose gel (lower). Asterisks indicate candidate bands that
showed the expected size decrease from round 2 and 3 of TAIL-PCR products and produced
usable sequence from round 3 products. Blue asterisks mark the bands that generated the
sequence for B and C and yellow asterisks mark the band that generated sequence for D.
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B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6).
Lowercase and italics sequence is untranslated region. Lowercase and underlined sequence
is unknown. Uppercase and bold sequence is sequence from the left border (LB) region of
pSKI015.
C) Gene model contains black boxes for coding region and grey boxes for untranslated
regions. Thin gray lines are introns. The T-DNA insertion site is indicated with a triangle (not
to scale).
D) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6) and
aligned to the RB region of pSKI015.
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Figure 62. 3870-2 secondary and tertiary screens.
A) Progeny from 3870-2 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3870-2
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 63. 0944-7 secondary and tertiary screens.
A) Progeny from 0944-7 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 0944-7
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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displayed root undulation and slight rightward skewing. Root length was decreased when
seedlings were grown on SM‑KCl.
TAIL‑PCR was attempted to determine the insertion site of any amplifiable T‑DNAs in
the 0944-7 genome. Even after multiple attempts, no usable TAIL‑PCR products were
generated (data not shown) indicating that no T-DNAs were present or that the T-DNA at the LB
was missing.

IV.D.2.ii.b. 0944-12
The putative mutant 1944-12 was identified in the primary screen as a rightward root
skewer. In the secondary screen, the roots displayed weak rightward skewing and waving (Fig.
64A). The tertiary screen was performed to characterize the root response to different salts and
osmoticum (Fig. 64B). On SM, the seedlings grew rightward. Compared to the1944-12
seedlings root skewing on SM, root skewing of on SM‑NaCl, SM‑KCl, SM‑NaNO3, or SMmannitol was reduced and the roots displayed undulations.
TAIL‑PCR was attempted to determine the insertion site of any amplifiable T‑DNAs in
the 0944-12 genome. Even after multiple attempts, no usable TAIL‑PCR products were
generated (data not shown) indicating that no T-DNAs were present or that the T-DNA at the LB
was missing.

IV.D.2.ii.c. 1400-5
The putative mutant 1400-5 was identified in the primary screen as a rightward root
skewer. In the secondary screen, the roots displayed rightward skewing (Fig. 65A). The tertiary
screen was performed to characterize the root response to different salts and osmoticum (Fig.
65B). On SM, the seedlings grew rightward and some seedlings exhibited root waving. Growth
on SM‑NaCl, SM‑NaNO3, and SM-mannitol resulted in reduced rightward skew. The 1400-5
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Figure 64. 0944-12 secondary and tertiary screens.
A) Progeny from 0944-12 plants identified from primary screen. Seedlings were germinated
on SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 0944-12
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 65. 1400-5 secondary and tertiary screens.
A) Progeny from 1400-5 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 1400-5
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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seedling roots waving response was reduced on SM-mannitol. On SM‑KCl, seedlings continued
to skew to the right but the root length was reduced compared to SM. Seedlings grown on salt
supplemented SM showed undulating root growth. These results indicate that sodium salts and
osmoticum, but not potassium salts, reduces the rightward skew of 1400-5 putative mutant.

IV.D.2.ii.d. 3095-5
The putative mutant 3095-5 was identified in the primary screen as a rightward root
skewer. In the secondary screen, the 3095-5 roots displayed rightward skewing and root
waving (Fig. 66A). The tertiary screen was performed to characterize the root response to
different salts and osmoticum (Fig. 66B). On SM, 3095-5 seedlings skewed strongly rightward
and exhibited root waving. Growth on SM‑NaCl, SM‑KCl, SM‑NaNO3, and SM-mannitol
resulted in reduced rightward skew and reduced waviness. The 3095-5 seedling roots skewing
appeared to be reduced on SM‑NaNO3 more than other salt or osmotic conditions tested.
These results indicate that increased osmoticum reduces the rightward skew of 3095-5 putative
mutant.

IV.D.2.ii.e. 3818-2
The putative mutant 3818-2 was identified in the primary screen as a rightward root
skewer. In the secondary screen, the roots displayed rightward skewing (Fig. 67A). The tertiary
screen was performed to characterize the root response to different salts and osmoticum (Fig.
67B). On SM, the seedlings grew rightward. Growth on SM‑NaCl, SM‑NaNO3, and SMmannitol resulted in reduced rightward skew compared to SM. On SM‑KCl, seedlings continued
to skew to the right to a similar degree as SM. These results indicate that sodium salts and
osmoticum, but not potassium salts, reduces the rightward skew of 3818-2 putative mutant.
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Figure 66. 3095-5 secondary and tertiary screens.
A) Progeny from 3095-5 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3095-5
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 67. 3818-2 secondary and tertiary screens.
A) Progeny from 3818-2 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3818-2
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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IV.D.2.iii. Reduced Root Skewing in Presence of Salt and Osmoticum Phenotype
IV.D.2.iii.a. 3835-3
The putative mutant 3835-3 was identified in the primary screen as a leftward root
skewer. In the secondary screen, the roots displayed leftward skewing (Fig. 68A). The tertiary
screen was performed to characterize the root response to different salts and osmoticum (Fig.
68B). On SM, the seedlings grew in tight, right handed curls. On SM‑NaCl, SM‑NaNO3, and
SM‑KCl, irregular skewing and waving was observed. On SM-mannitol, seedlings grew straight
or exhibited root skewing to the right or left. Taken together, this data indicates that the tight
curling phenotype observed on SM is altered by additional salt or osmotic pressure.

IV.D.2.iii.b. 3855-1
The putative mutant 3855-1 was identified in the primary screen as a rightward root
skewer. In the secondary screen, the roots displayed rightward skewing, leftward skewing, and
root waving (Fig. 69A). The tertiary screen was performed to characterize the root response to
different salts and osmoticum (Fig. 69B). On SM, the seedlings grew in tight, right handed curls.
On SM‑NaCl and SM‑NaNO3 skewed and curled towards the left. On SM‑KCl, right handed
skewing and curling was observed. On SM-mannitol, seedlings skewed to the right. Taken
together, this data indicates that the tight curling phenotype observed on SM is altered by
additional salt or osmotic pressure.
TAIL‑PCR was performed on DNA extracted from 3855-1 seedlings to determine the
position of any amplifiable T‑DNAs. Multiple products were produced from TAIL‑PCR
generated. Two sequences aligned to the intergenic region between At1g08465 and At1g08470
(Fig. 70). At1g08465 encodes the transcription factor YABBY2 that is seed-plant specific (Floyd
and Bowman, 2007). YABBY2 is expressed in the abaxial side of leaves or cotyledons and a
key regulator of leaf development (Siegfried et al., 1999). At1g08470 encodes a strictosidine
synthase-like (SSL3) protein (Sohani et al., 2009). SSL3 proteins synthesize alkaloids and are
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Figure 68. 3835-3 secondary and tertiary screens.
A) Progeny from 3835-3 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3835-3
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 69. 3855-1 secondary and tertiary screens.
A) Progeny from 3855-1 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3855-1
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 70. TAIL-PCR results for 3855-1.
A) TAIL-PCR was performed using six sets of degenerate primers – 1a, 1b, 2a, 2b, 3 and 5.
Products from round 2 and 3 of TAIL-PCR were separated on a 1% agarose gel and
visualized with ethidium bromide. Blue asterisks indicate candidate bands that showed the
expected size decrease from round 2 and 3 of TAIL-PCR products and produced usable
sequence from round 3 products.
B) Sequence of the T-DNA insertion site was generated from primer LB3 (Table 6). Intergenic
sequence is lowercase. Lowercase and underlined sequence is unknown. Uppercase and
bold sequence is sequence from pSKI015, the LB sequence is highlighted in grey and the
plasmid backbone is indicated.
C) Gene model contains blue boxes for genes and the arrow indicates the direction of
transcription; thin black line for intergenic region; and a triangle for the T-DNA (not to scale).
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involved in biotic defense.

IV.D.2.iii.c. 3855-3
The putative mutant 3855-3 was identified in the primary screen as a leftward root skewer. In
the secondary screen, the roots displayed rightward skewing, leftward skewing, or root waving
(Fig. 71A). The tertiary screen was performed to characterize the root response to different
salts and osmoticum (Fig. 71B). On SM, 3855-3 seedlings showed root waving and irregular
growth to the right. On SM‑NaCl and SM‑NaNO3, seedlings showed large undulations and
irregular growth directions. On SM‑KCl, seedlings showed either right rightward curls or looser
rightward root skewing. On SM-mannitol, seedlings grew slightly rightwards. These results
indicate that sodium, potassium, and osmoticum differentially affect the root growth of 3855-3.

IV.D.2.iv. Sodium-sensitive Phenotype
IV.D.2.iv.a. 1358-10
The putative mutant 1358-10 was identified as a leftward skewer in the primary screen.
Secondary screen results showed that seedling roots from this putative mutant line were short
and the seedlings roots skewed to the left and to the right (Fig. 72A). The tertiary screen was
performed to characterize the root response to different salts and osmoticum. On SM, seedling
roots skewed slightly to the right (Fig. 72B) and were a similar length to wildtype (data not
shown). On SM‑NaCl and SM‑NaNO3, seedlings roots were severely stunted and skewing was
not determined. Seedlings grown on SM‑KCl or SM-mannitol showed no stunting or root length
and relatively straight roots. These results indicate that 1358-10 is sensitive to sodium.
Next, we tested lower concentrations of NaCl to find a concentration that would not
affect root growth (Fig. 73). The tertiary screen NaCl concentration was 75 mM, which resulted
severe reduction of root length. At SM + 25 mM NaCl, 1358-10 seedling root length appeared
to not be affected and seedlings roots skewed to the right. 1358-10 seedlings grown on SM +
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Figure 71. 3855-3 secondary and tertiary screens.
A) Progeny from 3855-3 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3855-3
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.

225

Figure 72. 1358-10 secondary and tertiary screens.
A) Progeny from 1358-10 plants identified from primary screen. Seedlings were germinated
on SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 1358-10
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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Figure 73. 1358-10 root growth on lower concentrations of NaCl.
In the tertiary screen, 3 d-old wildtype and 1358-10 seedlings grown on SM were transferred
to SM supplemented with 25 mM or 50 mM NaCl. After 7 d of growth, seedlings were
photographed through the agar.
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50 mM NaCl had severely stunted roots similar to SM + 75 mM NaCl. Thus, the initial
classification of the root skewing direction assign at the primary and secondary screen was not
accurate.
Seeds were directly sown in soil-less potting medium and grown to observe shoots and
inflorescences after 3 and 5 weeks after germination (Fig. 74). No difference was observed
between wildtype and 1358-10.
TAIL‑PCR was attempted for the 1358-10 to determine the insertion site of any
amplifiable T‑DNAs. Even after multiple attempts, no usable TAIL‑PCR products were
generated (data not shown) indicating that no T-DNAs were present or that the T-DNA at the LB
was missing.
The salt overly sensitive (sos) mutants have reduced growth to sodium salts but not
potassium salts or osmotic stress (reviewed in Horie and Schroeder, 2004). SOS1/AtNHX7
gene encodes a Na+/H+ antiporter, SOS2 encodes a serine/threonine kinase, and SOS3
encodes a calcium binding protein that regulates SOS2 activity. A rightward skewing phenotype
has not been described for sos1 or sos2 mutants. Further work is needed to determine if
1358-10 is allelic to the known sos mutants.

IV.D.2.v. False Positives
IV.D.2.v.a. 3814-4
The putative mutant 3814-4 was identified as a rightward root skewer in the primary
screen. Secondary screen results disagreed with the recorded primary screen results and
showed that 3814-4 roots skew to the left (Fig. 75A). The tertiary screen was performed to
characterize the root response to different salts and osmoticum (Fig. 75B). On SM, 3814-4
seedlings skewed slightly to the right. On SM‑NaCl and SM‑NaNO3, seedlings skewed slightly
to the left or grew straight. On SM‑KCl, seedlings skewed slightly to the right. On SM-mannitol,
seedlings grew straight. The putative mutant 3814-4 root response was similar to wildtype (data
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Figure 74. Shoot phenotype of 1358-10.
1358-10 plants were grown for 3 weeks (A) or 5 weeks (B) in soil-less potting mix at 21°C
with 16 h photoperiod.
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Figure 75. 3814-4 secondary and tertiary screens.
A) Progeny from 3814-4 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3814-4
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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not shown) and was not investigated further.

IV.D.2.v.b. 3833-3
The putative mutant 3833-3 was identified as a leftward root skewer in the primary
screen. Secondary screen results showed that 3833-3 roots grew to the left (Fig. 76A). The
tertiary screen was performed to characterize the root response to different salts and osmoticum
(Fig. 76B). On SM, 3833-3 seedlings skewed slightly to the right. On SM‑NaCl and SM‑NaNO3,
3833-3 seedlings skewed slightly to the left. On SM‑KCL and SM-mannitol, seedlings grew
relatively straight. The putative mutant 3833-3 root response was similar to wildtype (data not
shown) and was not investigated further.
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Figure 76. 3833-3 secondary and tertiary screens.
A) Progeny from 3833-3 plants identified from primary screen. Seedlings were germinated on
SM-50 mM NaCl and photographed after 7 d. B) In the tertiary screen, 3 d-old 3833-3
seedlings grown on SM were transferred to SM or SM supplemented with 75 mM NaCl, 75
mM KCl, 75 mM NaNO3, or 150 mM mannitol. After 7 d of growth, seedlings were
photographed through the agar.
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V. APPENDIX

V.A. Detection of Protein-Protein Interactions between PP2A Subunits using the Yeast
Two-Hybrid Assay
V.A.1. Background
Protein Phosphatase 2A is a heterotrimer consisting of one A subunit, one B subunit,
and one C subunit (Janssens et al., 2008). In the Arabidopsis thaliana genome, there are 3
genes that encode the A subunit, 17 genes that encode the B subunit, and 5 genes that encode
the C subunit (DeLong, 2006). Thus, there are a total of 255 possible heterotrimer
combinations. In addition to the canonical subunit interactions, PP2A subunits also interact with
other proteins. For example, the C subunit interacts with PTPA (phosphotyrosyl phosphatase
activator), LCMT(Leucine carboxyl methyltransferase 1), PME-1 (PP2A methylesterase), and
TAP46 (2A Phosphatase Associated Protein of 46 kd) to further regulate catalytic activity.
In mammals and yeast, each PP2A subunit is able to interact with each other to form all
possible heterotrimer combinations (Janssens et al., 2008). Compared to mammals and yeast,
the number of PP2A subunits expanded in plant genomes. It was unknown at that time whether
all possible Arabidopsis PP2A heterotrimer combinations could form. We chose to use a yeast
two-hybrid approach to detect physical interactions between the A-C, A-B, C-B, and Cinteracting proteins (PTPA, LCMT, PME-1, and TAP46).

V.A.2. Approach and Results
All cDNA available for Arabidopsis PP2A subunits and interacting proteins were
purchased from The Arabidopsis Information Resource (TAIR; Table 11). The coding region
was amplified using PCR and cloned into PCR8/GW/TOPO (Invitrogen). Gateway cloning
technology was used to move the coding regions into the ProQuestTM Two-Hybrid System
destination vectors pDEST22 and pDEST32. pDEST22 contains the sequence for the GAL4
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Table 11. cDNA clones used for yeast two-hybrid.
The TAIR stock numbers for each clone are provided.

Gene name
A1
A2
A3
C1
C2
C3
C4
C5
Bα
Bβ
LCMT
PME-1
PTPA
TAP46

Gene identifier
At1g25490
At3g25800
At1g13320
At1g59830
At1g10430
At2g42500
At3g58500
At1g69960
At1g51690
At1g17720
At1g02100
At4g10050
At4g08960
At5g53000

Clone Name and Backbone
pENTR223 pENTR/SD-DTOPO
pUNI51
U16272
U24842
U25062
U11807
U16346
U21610
U14624
U82420
U16187
U12995
U19713
U15949
U09113
U20629
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activation domain (AD) and pDEST32 has the GAL4 DNA binding domain (DBD). Both AD and
DBD encoding plasmids were transformed into yeast and reciprocal interactions were tested, ie.
A1 fused to AD was tested against C4 fused to DBD and vice versa, per manufacturers
suggestions.
No interactions were detected between A-C, A-B, and C-B. A previous report using
another yeast two-hybrid system (pGBT9 and pDAD424, Clontech) demonstrated an interaction
only between the A1 subunit fused to AD to either C1 or C5 fused to DBD (Haynes et al., 1999).
A recent study using yeast two-hybrid vectors (pGBT9 and pDAD424) showed that all A
subunits can interact with all C subunits (Waadt et al., 2015). This indicates that the
ProQuestTM Two-Hybrid System is likely not a suitable method for detecting A-C, A-B, and C-B
subunit interactions in yeast. Thus, another approach other than yeast two-hybrid should be
used to study PP2A subunit interactions.
No interactions were found for the C subunits to PTPA, LCMT, and PME-1. The only
interactions detected were with the C subunits and TAP46. Previous studies showed an
interaction between TAP46 and C1 subunit (Harris et al., 1999) and our results are consistent
with this study.

V.B. Detection of Protein-Protein Interactions between PP2A Subunits by
Immunoprecipitation
V.B.1. Background
PP2A is a heterotrimeric enzyme consisting of a scaffolding A subunit, a regulatory B
subunit, and a catalytic C subunit (Janssens et al., 2008). The PP2A A and C subunits are
ubiquitously expressed throughout plant development and the B subunit expression varies (Lillo
et al., 2014). The amino acid sequences of the A subunits as well as the C subunits are highly
conserved. Few studies have been conducted to determine PP2A heterotrimer composition in
planta.
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V.B.2. Approach and Results
Due to the high sequence conservation, antibodies have not been produced that isolate
specific A or C subunits (Zhou et al., 2004). To detect protein-protein interactions with specific
PP2A subunits, small antibody tags were added. The cloned region for the A and B subunits
included the upstream sequence of the start codon to the codon preceding the stop codon.
FLAG epitope tag was fused to the carboxy terminus of the A1, A2, and A3 subunit. The
procedure and vector used are the same as described for A1-FLAG in Chapter I.E.3. The B
subunits (Bα, Bβ, B′α, B′β, B′γ, B′δ, B′ζ, B′η, B′θ, B′ι, B′′α, and B′′β) genes were cloned into the
pEarlyGate303 destination vector that would produce a fusion protein with a cMYC epitope tag
at the carboxy terminus. The B′ subunits were cloned by the BMCB 754/854 Laboratory in
Biochemistry & Molecular Biology of Nucleic Acids class. The cloned region for the C subunits
included sequence upstream of the start codon, the genomic sequence, and sequence
downstream of the transcription stop. For the C subunits, PCR SOE-ing was used to add the
nucleotides for StrepIII-HA after the tenth amino acid from the start codon. C4 subunit was the
only C subunit to be clones and was described in Chapter I.E.3. The other C subunits were
attempted but PCR-SOEing approach did not yield the desired product.
The A1-FLAG and StrepIII-HA-C4 constructs were transformed into a1 and c4 mutants,
respectively. These tagged proteins complemented the sodium-induced root skewing
phenotype as described in Chapter I.C.8. This result indicates that the tags and the location of
the tags do not interfere with the function of that subunit. The B subunits were transformed into
wildtype Columbia-0 plants and the T1 seedlings underwent selection and the resulting
seedlings were saved.
Proteins were extracted from plant samples that were ground in liquid nitrogen before
being added to ice cold plant lysis buffer (20 mM HEPES-NaOH [pH 7.6], 10% [v:v] glycerol, 1%
[v:v] Triton X-100, 3.3% [v:v] plant protease inhibitor cocktail [Sigma-Aldrich]). After
centrifugation to remove debris, proteins were quantified using PierceTM BCA Protein Assay Kit
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(ThermoFisher Scientific).
Preliminary results were generated for mass spectrometry analysis of protein samples
from whole seedlings. c4-1, transformed with StrepIII-HA-C4, seedlings were grown in liquid
culture (0.5X MS, 1% [w:v] sucrose) at 25°C with 12 h photoperiod. After 14 d growth,
seedlings were harvested by blotted dry with paper towels and stored at -80°C before use.
Approximately 2 g of tissue was ground into a fine powder in liquid nitrogen before transferring
to cold plant lysis buffer. Samples were spun at 3,000 x g for 10 min and the lysate was saved
and spun for an additional 5 min. To purify StrepIII-HA-C4, the clarified plant samples were
incubated for 1 h with Strep-Tactin magnetic beads that were prepared per manufactures
directions in plant lysis buffer (Qiagen). After washing twice using 500 µl NP-T (50 mM
NaH2PO4, 300 mM NaCl, 0.05% Tween 20, pH 8.0), the beads were boiled in sample loading
buffer (6.3 mM tris-HCl [pH 6.8], 10% glycerol, 2% SDS [w:v], 0.05% [w/v] bromophenol blue)
and the supernate was loaded on a 12% SDS-PAGE gel. Proteins were transferred to a
Immobilon-P PVDF membrane (Millipore). The membrane was blocked for 1 h and incubated
with the primary anti-HA antibody (1:1000) at 4°C overnight per manufacturer’s directions. The
membrane was washed for 5 min in TBS/T three times before incubating for 1 hr at room
temperature with the secondary antibody (1:20,000) conjugated to horseradish peroxidase.
Membrane was washed for 5 min in TBS/T three times and incubated with the SuperSignal™
West Femto Maximum Sensitivity Substrate (Thermofisher Scientific) for 5 minutes before
exposing to film. The protein detected was approximately the same size as the C4 protein
(Figure 77). Another SDS-PAGE gel with the same samples were used for mass spectrometry
analysis. The SDS-PAGE gel was incubated with Coomassie Blue stain (0.1% Coomassie
Brilliant Blue R250, 10% [v/v] glacial acetic acid, 50% [v/v] methanol) to stain proteins. Samples
indicated with brackets were removed from the gel and subjected to in gel digestion and
resulting peptides were analyzed with mass spectrometry as described in (Figure 77B, Chu et
al., 2004). Peptides from the bait protein, C4, were detected. Other peptides detected from
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Figure 77. StrepIII-HA-C4 Immunoprecipitation.
C4-1 plants were transformed with StrepIII-HA-C4. Proteins were extracted from liquid grown
14 d-old seedlings. Lane 1) protein extract, lane 2) extract after beads, lane 3) wash 1, lane
4) wash 2, lane 5) elution. A) Western blot detecting HA. B) Protein gel of StrepII-HA-C4
pulldown. Brackets indicate the regions in the lanes that were excised to analyze the
peptides with mass spectrometry.
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PP2A proteins include from A1, A2, A3, Bα, Bβ, B′β, B′θ, and TAP46. Thus, it was possible to
detected other PP2A proteins from our pull down and urther optimization of protein extraction
was pursued.
The next analysis to detect protein-protein interactions with mass spectrometry was
performed on a1-6 x c4-1 seedlings that were transformed with StrepIII-HA-C4 and A1-FLAG.
Seedlings were grown in liquid culture as described above. Four different pull-down
approaches were tried: 1) purification of the C subunit with only strep-tactin beads, 2)
purification of the C subunit with tandem purification of strep-tactin then anti-HA, 3) purification
of the C subunit then A subunit by tandem purification of strep-tactin to anti-FLAG, and 4)
purification of the A subunit with anti-FLAG only. Different strep-tactin resin from IBA were used
thus the procedure is different then described above. A 250 µl aliquot of magnetic Strep-Tactin
resin (IBA) were by washed twice in plant lysis buffer. The prepared resin was incubated with 5
ml of plant cleared plant lysate for 30 mins at 4°C and rotated end-over-end. The beads were
washed in 5 ml plant lysis buffer by resuspending the beads, incubating for 30 sec, and
removing the wash. The washes were repeated for a total of 3 times. Proteins were eluted by a
5 min incubation in 250 µl plant lysis buffer with 2 mM desthiobiotin at room temperature.
Samples to undergo anti-HA pulldown were incubated with prepared beads (40 µl beads
washed in TBS-T twice) for 30 min at 4°C and rotated end-over-end. Beads were washed in 1
ml TBS-T three times before proteins were removed by boiling in 50 µL loading buffer. Samples
undergoing anti-FLAG pulldown were incubated with prepared beads for 2 h at 4°C and rotated
end-over-end. The anti-FLAG resin was prepared per manufacture’s suggestions. A reduced
bore gel-loading tip, made by crushing the pipette tip end with flat-head tweezers, was used to
remove supernate. After incubating, the samples were centrifuged for 30 sec at 6,000 x g and
washed three times in TBS. Proteins were eluted by boiling in 50 µl sample loading buffer.
Samples were loaded on a 10% SDS-gel and stained with Coomassie Blue stain before in-gel
digestion. Peptides were analyzed with mass spectrometry as described in (Chu et al., 2004).
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PP2A subunits detected from purifying with strep-tactin found A subunits, Bα, Bβ, and B′′β.
Proteins detected from tandem affinity purification of the C4 subunit include A1, A2, A3, C1, C2,
C4, C5, Bα, Bβ, and B′′β. Proteins found from purifying the C4 subunit with strep-tactin followed
by purifying the A1 subunit include A1, A2, and A3. Purification of the A subunit with anti-FLAG
resulted in detecting A1, A2, A3, Bα, Bβ, B′β, B′′β, and B′′δ. Like before, we detected other
PP2A subunits in the pull-downs. However, the samples also included many other potentially
contaminating proteins and higher concentration of PP2A subunits were needed for better
analysis. Thus, different wash conditions were optimized.
Further optimization for tandem affinity purification of the C4 subunit using the StrepIIIHA tag was performed on whole plant tissue. Plant lysis samples were incubated with StrepTactin resin (IBA) for 30 min at 4°C. A rare-earth magnet was used to separate the beads
before the lysis was removed. The beads were washed three times in plant lysis buffere for 30
sec, and the beads were separated by the rare-earth magnet. Proteins captured on StrepTactin resin (IBA) were removed by competing with 2 mM desthiobiotin in plant lysis buffer.
Lysate was incubated with prepared Pierce anti-HA magnetic beads (Thermo Fisher Scientific)
for 30 min at 4°C. Beads were washed with TBS-T. The proteins captured on the Pierce antiHA magnetic beads (Thermo Fisher Scientific) would not elute using gentle or acid elution
procedures. Proteins were removed by incubating the beads in loading buffer without BME for
10 min at room temperature. Samples were not subjected to mass spectrometry analysis.

V.B.3. Further Work
The PP2A subunits were expressed under their native promoters so biologically relevant
complexes could be detected. Even though PP2A A and C subunits are abundant, it may be
necessary to change purifying techniques. Preliminary experiments indicated that it is possible
to co-immunopurify PP2A subunits. While progress was made, further optimization of
conditions for immunoprecipitation of PP2A proteins are needed to produced high quality
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samples and increased quantity of purified PP2A subunits for analysis with mass spectrometry.
The previous approaches used batch immunopurification and it might be necessary to try affinity
columns.
Another approach to consider is remaking the TAP tag used for the C4 subunit. Proteins
failed to elute from the anti-HA matrix under gentle or acid elution conditions. Thus, the HA tag
may not be appropriate for these conditions. If the HA tag is still used, it might be necessary to
add a TEV cleavage site (ENLYFQ/S) to the tag so the tagged protein can be cleaved from the
tag. For the C subunits, the order of the tags would be StrepIII-HA-TEV-C subunit. Another
approach would be using the FLAG tag in place of the HA tag. The A subunits fused to the
FLAG peptide were eluted from the anti-FLAG resin and it remains to be tested if C subunits
tagged with FLAG peptide would elute under the same conditions.

V.C. Complementation of PP2A a1 Mutant with Epitope-Tagged A Subunits
V.C.1. Background
The A subunits amino acid sequences are highly similar, yet the phenotypes are
detected for A subunit mutants. Blakeslee 2008 demonstrated that the wildtype A3 gene
complimented the short hypocotyl phenotype and partially complements root meristem defect of
the a1 mutant. Thus, the phenotype is possibly the result of dosage instead of isoform specific.
The a1, a2, and a3 mutants have a root skewing phenotype in response to NaCl (Chapter I and
II). The a1 mutant has the most severe phenotype with some of the mutant roots exhibiting
curling. It is unclear whether this phenotype is isoform specific or due to dosage.

V.C.2. Approach and Results
FLAG epitope tag was fused to the carboxy terminus of the A2 and A3 subunit. The
cloning method and vector used are the same as described for A1-FLAG in Chapter I.E.3. The
cloned region for the A2 and A3 subunits included the upstream sequence of the start codon to
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the codon preceding the stop codon. These constructs were transformed into the a1 mutant.
Multiple seedlings representing independent transformations were saved for further analysis.
The A2 genomic region for A2-FLAG was amplified with Ex-Taq. After TOPO cloning, a
selected plasmid was sequenced and aligned to the Arabidopsis genome to find potential errors.
This clone contained multiple point mutations throughout the sequence including the coding
region. These errors were not recognized before proceeding with Gateway Cloning and plant
transformation. The A3 clone was error free.
T2 generation of a1 seedlings transformed with A2-FLAG or A3-FLAG were assayed
using the standardized root growth assay (Chapter I) to determine the seedling root growth
direction during NaCl stress. The a1 mutant seedlings skew or curl in response to NaCl while
the wildtype grows relatively straight. The a1 mutant seedlings expressing the A2 construct
showed partial and complete complementation. It is unclear whether the partial or complete
complementation was due in part to the point mutations or dosage. The a1 mutant seedlings
expressing A3-FLAG completely complemented the root skewing phenotype.

V.C.3. Further Work
Since there are point mutations with the A2-FLAG construct used, the A2-FLAG
construct must be remade to find an error free clone. After remaking this construct, the
standardized root growth assay should be repeated on seedlings transformed with the new
construct. Partial complementation of the NaCl-induced root skewing could still be observed for
a1 mutants transformed with an error-free A2-FLAG construct. A1 and A2 genes have highly
similar expression patterns and there are slight differences in the root tips. It is possible that the
A2 gene was not expressed in the same location as the A1 gene, thus A2 should be expressed
using the A1 promoter. If partial complementation is observed for some but not all of the lines,
then it indicates that differences in expression. Thus, the level of expression of the A2-FLAG
construct should be tested using qPCR.
244

V.D. Identification of Plant Lines Homozygous for Mutations in PP2A B Subunits and in
PP2A Interacting Proteins
Protein Phosphatase 2A is a regulator of many biological processes (Janssens et al.,
2008). The regulatory B subunit is divided into three classes: B55, B′, and B′′. In Arabidopsis,
there are 17 genes that encode B subunits. While the scaffolding A subunit and catalytic C
subunit are ubiquitously expressed, there are more differences in expression patterns and
subcellular localization (Latorre et al., 1997; Matre et al., 2009; Lillo et al., 2014; Waadt et al.,
2015). In Arabidopsis, the B subunits are involved in multiple processes including responses to
low light (Trotta et al., 2011) and plants innate immunity responses (Segonzac et al., 2014;
Kataya et al., 2015; Rahikainen et al., 2016). Our lab determined that a subset of A and C
subunit mutants have a root growth response to sodium salts. The canonical PP2A is a
heterotrimer composed of one A subunit, one B subunit, and one C subunit. Currently, it is
unknown what B subunit plays a role in this response.
The goal was to find T-DNA mutants in the 17 B subunits and interacting proteins
(TAP46, LCMT, PTPA, PME-1). For each B subunit, T-DNAs located in exons or introns were
located and ordered from The Arabidopsis Information Resource (TAIR). Primers for PCR
genotyping were developed for each line (Table 12). A few lines were genotyped and
homozygous lines are indicated in Table 13. Future work on this project would consist of
finishing characterizing the identified T-DNA mutant lines. Each line needs to be genotyped to
find homozygous mutants. To determine if the line is a knock out, the expression of gene with
the T-DNA insertion would be characterized with qPCR or RT-PCR.

V.E. Auxin Distribution in Root Tips of Seedlings Exposed to NaCl
V.E.1. Background
The plant hormone auxin regulates many biological processes including growth and
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Table 12. Primers for genotyping mutants of PP2A B subunits and interacting proteins.

Gene
name
Bα

T-DNA identifier

Primer Name

Primer Sequence

SALK_146064

Balpha F1
Balpha R1
2ABa11
1ABa12
Bbeta F1
Bbeta R1

5′-TCT CTG GCG TTG ACA TTG
5′-ACC CTG CAT TTG AGT TTT AG
5′-ATC CAC TAA ATT TCA ACA CTG
5′-CTG CGA CGA CCT CAT CAC C
5′-CGG CTG ATG ATC TGC GAG TA
5′-CAG GTG CTT CCG GTT CTT CAA A

B'alpha 5'3

5′-CAT CTT GGC CTC ATT TAC AG

B'alpha 3'1
B'alpha R1
B'beta R1
2AB'B3
2AB'B4
B'beta5'3
B'beta R1
B'gamma 5'promoter
B'gamma 3'1

5′-GAA CAG AGG GAC CAT ACA GC
5′-CTG AGC TAT TAG ACC CAC CAC AT
5′-TCT GAA ACC GGC ACA TCT CTA AAC
5′-TGG CCC GTG ACA AAC TGC
5′-TGC GCG ATT AGA CCC ACA A
5′-TCA CCA GCT CAG ATC TCC GAC AA
5′-TCT GAA ACC GGC ACA TCT CTA AAC
5′-GTC TCT AAC TAT CTG GTC AAC
5′-GCA ACA AGC CTA AAC TAA AC

At4g15410(5)NPTU

5′-CCC TTC TTA ATC ATC GTG

B'gamma R1
B'delta start 5'
B'delta R1
B'zeta 5'2
b'zeta 3'1

5′-ATA TAC CGA ACC AAA CCG AGA T
5′-ATG TTT AAG CAG ATA CTT GGG
5′-ATA AAC CTC CCG TAG ATG C
5′-TGG CCT CAT GTT CAA GTT
5′-GAG CAA TTT GTC GGG ATA A

B'zeta F1

5′-TAA AAT ATT GGC CTG TGA CTA A

At3g21650NPTL

5′-CCG TTA ACT AAC GAG AG

2AB'n3

5′-TCG CC GAA ACT GAC ACC AA

2AB'n4
2AB'n1
2AB'n2
At3g26020NPTU
At3g26020NPTL
B'theta 5'2
B'theta R1
At5g25510NPTU
At5g25510NPTL
2AB1
2AB2
2AB”α5
2AB”α6
B"beta 5'6
B"beta R1
B"beta F1
B"beta stop 3'

5′-CAC GGG GAA ATT CGC CAG TT
5′-CAA ATC CGC TGC TTC TGA C
5′-ACT TTA TTT TCC CGT GGT TGA
5′-GTA GAG AAG AAA GAG AG
5′-AAG TGG AAC AAG TGA TG
5′-TTT TGA TTT TGT GAT TGC GTT TGT
5′-TTT ACT GGC GCC ATT ATC ACT ACT
5′-GTA TGA AGC CGA TAA CAG
5′-AGC ATT AAA ACC CAC AC
5′-AGG GGA AGA TGA GTT ATG AAG ATT
5′-CCG GCT GCA GTA GTA GGT G
5′-TTG GGG TTT TGT TGT AGT TCT GAT
5′-GGG GAG TGC CGC TGT TC
5′-CAA GAA AGA TAT GGT TAG GTC
5′-AAA GCA ATC AAA GTG TTC T
5′-TCC GAA AGT TGC AGA CAG ATA
5′-TCA AAA GGG AGC CTC CAG

Bα

SALK_032080

Bβ

SALK_062514

B'α

SALK_077700,
SALK_052612,
SALK_149059

B'α

SALK_142873

B'β

SALK_103167

B'β

SALK_151740

B'γ

SALK_039172

B'γ

SALK_052828,
SALK_052846

B'δ

SAIL_656_C02

B'ζ

SALK_107944

B'ζ

SALK_117191,
SALK_150586,
SALK_059651,
SALK_059659

B'η

SALK_039168,
SAIL_652_E04

B'η

SALK_057440

B'η

SALK_145965

B'θ

SAIL_300_B01

B'ι

SAIL_813_D09

B''α

SALK_081091

B''α

SALK_135978

B''β

SAIL_37_B09

B''β

SAIL_576_G05
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B''β

SALK_067881,
SALK_067889

B''δ

SAIL_404_A05

B''ε

SAIL_1233_B02

TAP46

GABI_030C06

LCMT

SALK_079466

LCMT

SAIL_309_D02

PME-1

SALK_079539,
SALK_093391

2AB7

5′-CAC CCC GTA CAA CCA AAC AGA

2AB8
B"delta F2
B"delta R1
B"epsilon 5'2
B"epsilon R1
TAP46 5' start
TAP46 R
LCMT F1
LCMT R1
LCMT F2
LCMT R2

5′-GGA TGC GTC GCC AAC AGT
5′-AAA ACT TAA CTC AAA CCC AAA CAT
5′-AGCGTCTTAACTCACACTATCCA
5′-TAC AAT TTA AAC CGA GGC TAC TA
5′-GAG AAA AGC GGG AGA AGA ATC
5′-ATG GGT GGT TTG GCT ATG GAG
5′-TAATAACAAAACTAGAATACAAAC
5′-TTCTAAGCGGGACAAGTTCTAA
5′-AAAGTAAAAGGGGGTGGTTGAGT
5′-GATGTTGCACCTCTATGTATGTA
5′-AGGCCTTTCTAACTTTGTGC

PME-1 F1

5′-CCCACAATTGACGACCCTTTTT

PME R1

5′-CAACCACACGTGCTTTCTCC
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Table 13. PP2A B subunit potential mutants.
Gene

Gene identifier

T-DNA identifier

Bα
Bα
Bβ
B'α
B'α
B'α
B'α
B'β
B'β
B'γ
B'γ
B'γ
B'δ
B'ζ
B'ζ
B'ζ
B'ζ
B'ζ
B'η
B'η
B'η
B'θ
B'ι
B''α
B''α
B''β
B''β
B''β
B''β
B''δ
B''ε
B''ε
TAP46
LCMT
LCMT
PME-1
PME-1

At1g51690
At1g51690
At1g17720
At5g03470
At5g03470
At5g03470
At5g03470
At3g09880
At3g09880
At4g15415
At4g15415
At4g15415
At3g26030
At3g21650
At3g21650
At3g21650
At3g21650
At3g21650
At3g26020
At3g26020
At3g26020
At1g13460
At5g25510
At5g44090
At5g44090
At5g28900
At5g28900
At5g28900
At5g28900
At5g28850
At1g03960
At1g03960
At5g53000
At1g02100
At1g02100
At4g10050
At4g10050

SALK_146064
SALK_032080
SALK_062514
SALK_077700
SALK_052612
SALK_149059
SALK_142873
SALK_103167
SALK_151740
SALK_039172
SALK_052828
SALK_052846
SAIL_656_C02
SALK_107944
SALK_117191
SALK_150586
SALK_059651
SALK_059659
SAIL_652_E04
SALK_039168
SALK_145965
SAIL_300_B01
SAIL_813_D09
SALK_081091
SALK_135978
SAIL_37_B09
SAIL_576_G05
SALK_067881
SALK_067889
SAIL_404_A05
SALK_151964
SAIL_1233_B02
GABI_030C06
SALK_079466
SAIL_309_D02
SALK_079539C
SALK_093391C

Unconfirmed
Location
exon
exon
intron
exon
exon
exon
Intron
Intron
exon
exon
end of 3' UTR
exon
exon
3' UTR
intron
exon
exon
exon
exon
3' UTR
exon
3' UTR
exon
intron
exon
exon
intron
intron
promoter
Intron
exon
Intron/exon
exon
intron
Exon
exon
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Homozygous seed stock
1, 2
None detected
Not completed
Not complete
None detected
2, 7
3
1-8
1-8 (genomic rxn failed)
Plant #4, 1-8
None detected
None detected
None detected
1-8
1-8
1, 4, 5, 6, 8
4, 5, 6 (genomic rxn failed)
None detected
None detected
1-8
none detected
4, 6, 7, 8 (hets)
Not completed
Plant A and B
1-8
None detected
1-8 (hets)
repeat
none detected
Not completed
Not completed
Not completed
None detected
1-7
None detected
1 (het)
1, 4, 7 (hets)

development (Teale et al., 2006). Auxin is transported from the shoots to the roots via protein
transporters. The subcellular location of these transporters alters the flux of auxin. Mutants in
auxin transporters often have altered root growth compared to wildtype (Swarup et al., 2004).
The A subunit of Protein Phosphatase 2A (PP2A), A1, regulates the cellular position of these
transporters (Michniewicz et al., 2007; Dai et al., 2012). PP2A is a heterotimer composed of an
A subunit, B subunit, and C subunit. In response to sodium-salt stress, the roots of a subset of
PP2A A and C subunit mutants skew or curl. We hypothesized that a change in the position of
auxin transporters resulted in altering the flow of auxin which in turn caused the roots to skew.

V.E.2. Approach and Results
The distribution of auxin was determined by using the reporter DR5 that expresses βglucuronidase (GUS) under high auxin conditions (Ulmasov et al., 1997). Wildtype and c4-2
(GABI_800G06) seedlings containing the DR5::GUS reporter were grown at 21°C at 18 h. After
three days of growth on SM (Chapter I), seedlings were transferred to SM or SM-NaCl. After
growth on the experimental conditions, seedlings were fixed in 90% ice cold acetone for 10 min
under vacuum followed by another 20 min incubation under normal atmospheric pressure.
Seedlings were washed once in GUS assay solution [100 mM sodium phosphate, pH 7.0, 1 mM
K3Fe(CN)6, 1 mM K4Fe(CN)6-3H2O, 4 mM EDTA, and 0.1% Triton X-100] without X-Gluc.
Seedlings were transferred to GUS assay solution containing 1 mM 5-bromo-4-chloro-3-indolylbeta-D-glucuronic acid (X-Gluc) dissolved in dimethylformamide (Rose Scientific Ltd) and
incubated for 1 h. Samples were transferred to water before mounting in water and visualizing
with a Zeiss Axioplan 2 upright compound microscope.
The auxin distribution in wildtype and c4-2 seedling roots were examined after 3 h
growth on SM or SM-NaCl. On SM, the distribution of auxin indicated by the DR5::GUS reporter
was seen in meristems of wildtype root tips (Figure 78). When exposed to salt stress, wildtype
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Figure 78. Expression of DR5::GUS in the root tips of wildtype and c4-2.
Wildtype and c4-2 mutant seedlings expressing DR5::GUS were grown at 21°C with a 18 h
photoperiod. After 3 days, seedlings were transferred to SM or SM-NaCl (Chapter I) for 3 hours
before assaying the seedlings for GUS expression.
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seedlings did not show a change in the pattern of auxin distribution compared to seedlings
grown on SM. c4-2 seedling roots showed less DR5::GUS expression in the root tips compared
to wildtype. On SM-NaCl, the expression pattern did not alter. Thus, a noticeable change in
auxin distribution as not observed in the c4-2 seedlings exposed to salt stress.

V.E.3. Future Work
For this analysis, it might be necessary to change to a different auxin response reporter
that is more sensitive to changes in auxin distribution. Examples of other auxin distribution
reporters are DR5rev::GFP, DII-VENUS, and R2D2 (Friml et al., 2003; Brunoud et al., 2012;
Liao et al., 2015).

V.F. Detection of Amyloplasts in Root Tips of Seedlings Exposed to NaCl
V.F.1. Background
A subset of Arabidopsis thaliana mutants in the scaffolding A subunit and catalytic C
subunit of Protein Phosphatase 2A (PP2A) have a root response to salt stress (Chapter I and
II). When grown on salt containing medium, wildtype plants grow relatively straight down. A
subset of PP2A mutants skew or curl to the left when viewed from the back of the plate. When
wildtype seedlings are expose to salt stress, a previous report found that the amyloplasts in the
root columella cells change by appearing to degrade followed by recovery (Sun et al., 2008). In
the root tip, amyloplasts are important for gravity sensing (Leitz et al., 2009). We hypothesized
that the root skewing in the PP2A mutants is due to an inability to sense gravity because of
degraded amyloplasts.

V.F.2. Approach and Results
Three day-old seedlings were transferred to SM supplemented with either 0, 75, 100, or
150 mM NaCl. After 8, 24, or 48 hours, seedlings were fixed for the minimum of 3 h in 3%
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glutarddehyde in PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4).
Seedlings were rinsed 15 min in PBS 4 times before staining in iodine-potassium iodide solution
(Carolina Biological Supply Company) for 5 min. Seedlings were rinsed once before mounting
in PBS on slides and imaging with a Zeiss Axioplan 2 upright compound microscope.
For wildtype, amyloplasts were detected at 75 mM and 100 mM NaCl at al l time points
observed (Figure 79A). After 8 h exposure to 150 mM, amyloplasts were no longer detected in
wildtype root tips. The amyloplasts in c4 mutant root tips reacted in a similar fashion to wildtype
when exposed to NaCl (Figure 79B). The a1 mutant response differed at 150 mM where as
amyloplasts were not detected after 8 h exposure (Figure 79C). In addition, the root tip of a1
mutants appeared to be deformed compared to wildtype, which is consistent with root meristem
defect described in Blakeslee et al. (2008). A root skewing and curling response of the c4 and
a1 mutant is observed at 75 mM NaCl. At that concentration, there was no difference between
wildtype and the two PP2A mutants. Thus, it is unlikely that degradation of the amyloplasts
contributes to the altered root growth.
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Figure 79. Changes to amyloplasts during exposure to NaCl.
After three days of growth, Wildtype (A), c4-1 (B), and a1-6 (C) were transferred to SM
supplemented with NaCl and grown for the indicated time. The starch in the amyloplasts
was stained with iodine-potassium iodide solution before observing with a compound
microscope.
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